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Abstract
Honey bees play a fundamental role in agriculture producing wealth in terms of hive 
products (honey, royal jelly, pollen, wax, and propolis) and by increasing the 
productivity of important plant species through pollination. Moreover, the pollination 
of natural plants, at the base of the food chain for many wild animals, guarantee their 
survival . So for the role that honey bees have in nature and for their economical 
import^ce in agriculture, their diseases are of paramount importance. Unfortunately, in 
the last few years a large-scale colony loss called Colony Collapse Disorder syndrome 
reduced the overall number of hives in different countries. However, the cause of this is 
still not clear and for this reason the Department for Environment, Food and Rural 
affairs . (DEFRA) funded this research in order to gain a better knowledge of honey bee 
virus epidemiology and taxonomy in England and Wales.
A National level sampling plan w ^  designed to be statistically representative of the 
honey bee population present in England and Wales. In order to detect viruses at low 
prevalence level, a new viral RNA extraction method based on virus precipitation was 
developed and the viral RNAs obtained were screened for eight honey bee viruses using 
Real Time rt-PCR.
Once information about thé prevalence and the distribution of the eight honey bee 
viruses was obtained, à further characterisation of Deformed wing virus DWV and 
Black queen cell virus BQCV was performed using classic rt-PCR coupled with Sanger 
sequencing, and phylogenetic trees were obtained using bioinformatic tools. The 
viruses, grouped according to their nucleotide siniilarity, were reported on a 
geographically referenced map in order to highlight the distribution of the yari^ ts  
found in England and Wales.
The results obtained in this thesis have resulted in a better knowledge of the 
epidemiology and taxonomy of honey bee viruses, determination of the full sequence of 
Slow paralysis virus SBPV for the first time, and a new virus RNA extraction method 
that can be exploited in other research fields.
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1 General introduction
1.1 Economic and environmental significance of honey bees
Historically the importance of beekeeping has been underestimated in the agricultural 
economy. This has come about largely because the economic significance of this 
activity takes into account only the production of honey and other products of the 
apiary (wax, pollen, propolis, royal jelly, bee bread and venom). Even so beekeeping 
remains an important source of income for small and middle-sized farms, and 
worldwide production of honey has been steadily increasing (Figure 1.1). United 
Kingdom (UK) production accounts for only 0.4% of world production, worth £10m- 
30m (http://www.defra.gov.uk/hort/Bees/index.htm) and £22m in 2006. This value may 
well be an underestimate since in the UK beekeepers are not subject to compulsory 
registration and their number is probably underestimated.
However, honey bees also play a fundamental role in the pollination of cultivated and 
natural plants. In the UK alone, the annual value of the pollination of cultivated plants 
can be estimated as in the region of £120m (Temple et al, 2001). In the wider ecology, 
the contribution of honey bees to the pollination of natural plants, which form the base 
of the food chain, is priceless (Morse, 1997). Consequently, although beekeeping does 
not generally receive the public attention paid to other agricultural activities, honey bees 
are none-the-less central to agriculture and ecology and threats to their well-being 
should be taken seriously. For this reason honey bee diseases are included in the list of 
notifiable animal diseases of the World Organisation for Animal Health (OIE), but 
despite this listing we still know relatively little about many of the agents infecting 
honey bees, or about the interactions between microbes and honey bees in nature 
(Cordoni and Spagnuolo, 2007). This is particularly true of viruses with which this 
project is primarily concerned.
The attention of the media, in this area, has been focused on this area in the last few 
years because of a large-scale colony loss called Colony Collapse Disorder syndrome 
that will be described later in this thesis.
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Although viral infections of the honey bee often result in covert infections, which rarely 
progress to overt disease at the colony level, they are still important because of their 
negative effect on the honey bee products (honey etc.) and on the environmental 
impact due to the pollination service that the honey bees carry out.
In 1967 Bailey wrote “TTic sum o f unseen losses in normal colonies may well exceed 
those in the very few colonies that became severely diseased, and virus-free colonies 
might be more vigorous...” (Bailey, 1967). This prediction has been confirmed later by 
mathematical models and by various authors (e.g. Martin, 2001). For example Ponten, 
and Ritter found that inoculation of honey bee pupae with Acute Bee Paralysis Virus 
(ABPV) can cause a reduction in the life span of the adults by 25% and result in 
reduction of the brood care by their nurse bees (Ponten and Ritter, 1992). Anderson and 
Gibbs found that Kashmir Bee Virus (KBV) can cause a reduction (as the diseased 
larvae are removed by the nurse bees) of the 16% of the larvae when they were fed with 
a solution containing the virus (Anderson and Gibbs, 1989). Even worse are the effects 
of Sacbrood Virus (SBV); Bailey found that feeding the honey bees with SBV 
contaminated pollen resulted in a reduction of the mean mortality rate (56 days (control) 
to 22 days) (Bailey, 1969). He also found that inoculation of newly emerged adults 
caused an earlier onset of the foraging period with the consequences of pollen foraging 
failure and an increased susceptibility to cold (Bailey and Fernando, 1972). Anderson 
found that SBV, given orally to larvae, resulted in an increase of the 21% of the larvae 
removed from the nurse bees (control 5%).
In conclusion, viruses of the honey bees could trigger colony death by weakening or 
even changing the behaviour of the bees in a specific evolutionary stage (e.g. larvae, 
pupae, nurse bees etc.), and as all the jobs are of vital importance in the hive, the colony 
will struggle during the winter as the resources accumulated may be not sufficient.
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Fig 1.1: World honey production from 1998 to 2009 expressed in thousands of tonnes. The graph 
shows how, from 1961, the production of honey has been steadily increasing . This graph can be directly 
correlated with the increase in the honey bee populations. FAOSTAT data 
(http://faostat.fao.org/default.aspx).
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1.2 Basic honey bee biology
In the following paragraphs there may be specific terminology relating to bee keeping 
which is not commonly used in the standard English language; a brief dictionary of the 
bee keeping terminology is available at the end of the thesis.
Amongst the Hymenoptera, two species are of economic interest to man, the European 
honey bee {Apis mellifera) and the Eastern honey bee {Apis cerana).
Bees are social insects and in summer a colony is composed of about 50,000 bees, a 
single queen, and a few hundred drones. The three casts are morphologically distinct 
(Figure 1.2) The queen is long lived (2-5 years) and her major role is to lay eggs. 
However, she is also the fulcrum of the colony and coordinates all of the jobs that have 
to be carried out in the hive (nest). This is achieved by secretion of different 
pheromones in different amounts establishing positive and negative feedback with the 
needs of the hive and with the work done by the other honey bees. For example if in the 
hive there is honey shortage, the queen may receive less food thereby starting an 
appropriate chemical production which may cause the forager bees to collect more 
nectar. With more the queen is angry with more the pheromone will be produced in 
larger quantity modulating in this way the number of honey bees that need to go out of 
the hive and search for the nectar. The queen triggers colony reproduction by a process 
called swarming. In this mechanism, the queen leaves the colony in early summer 
taking more than half of the workers with her. During the first couple of days they wait 
in the proximity of the original colony, then they fly away looking for a good site to 
found a new colony. The colony the queen has left behind is temporarily queen-less, 
triggering the remaining worker bees to supplement the standard brood food of some 
fertilised eggs left behind by the previous queen with royal jelly. These eggs are then 
raised as emergency queen cells and the first virgin queen to emerge will likely kill all 
other developing queens to become the reigning queen.
When the queen is lost through swarming queen cells are already present, but, if the 
colony might loose the queen for any reason, any larva can became a queen if fed with 
royal jelly.
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The function of the drones is only to mate the queen and they die after they have 
accomplished their job. Unmated drones are ejected from the colony by worker bees in 
late autumn (Morse, 1997).
The bees with which we are most familiar are the worker bees. These are relatively 
short-lived (4-5 weeks), but are familiar to us since it is their job to forage outside the 
hive for nectar, pollen and water. Workers perform different tasks according to their age. 
Young bees are not completely formed when they emerge. The hypo-pharyngeal, wax 
and venom glands are not fully functional and thus the only job that they can do is to 
clean the used cells. A few days later the hypo-pharyngeal glands mature and they begin 
to feed larvae. When a bee has developed competent venom glands it will be enrolled as 
a guard bee. Worker bees become foragers once they begin to secret the enzymes that 
transform the nectar to honey. Other jobs include grooming, keeping the nucleus of the 
colony warm or ventilated, using the wings, to cool the nucleus and avoid overheating. 
Even though the jobs are age related, bees can swap occupation if the colony needs 
more “personnel” in a particular job (Bailey, 1981).
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Worker honey bee
10 mm
Queen honey bee
Drone honey bee
Fig 1.2: External morphology of bees belonging to each cast The Queen and the drones are 
distinguishable hom the worker bees because o f their bigger dimensions. The shape o f the 
abdomen, pointed or round shaped, is the main characteristic by notice to distinguish the queen 
from the drones (MAAREC 2008).
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1.2.1 Life cycle
The honey bee passes through four stages during its life cycle: egg, larva, pupa and 
finally adult.
Eggs are laid and develop in cells of the wax honeycomb, itself a product of the worker 
bees. During the first days of the larva stage, nurse bees feed the larvae with a 
controlled amount of royal jelly and later with beebread and honey.
During the transformation fi-om larva to pupa, the adult bees seal the cell with a layer of 
wax. This helps to maintain the environmental conditions inside the cell constant and 
assists in the metamorphosis of the pupa into the adult bee.
1.2.2 The nest
A nest cannot be considered an isolated environment. In fact bees can fly for about 5 km 
around their nest looking for nectar, pollen or water and during these “travels” they can 
came into contact with bees that do not belong to their colony. It happens quite 
frequently that bees do not return to their original nest, but may enter another, a 
phenomenon termed drifting (Huang and Robinson, 1996; Morse, 1997; Fries and 
Camazine, 2001;Cordoni and Spagnuolo, 2007). Other means for exchange between 
colonies include robbing the stores of a weaker colony or mature drones drifting prior to 
mating. On this occasion many drones from different colonies can mate the same queen 
(Morse, 1997). All of these routes promote mixing of bee populations and provide a 
means for the spread of infection from one colony to another (Fries and Camazine, 
2001). Finally another route is offered by beekeeping practices, if conducted by inexpert 
beekeepers these will also allow the spread of diseases between the colonies.
1.2.3 Honey bee defences against disease
Honey bees have three levels of defence against disease.
The honey bee colony is considered to be a super-organism since a bee colony often acts 
as a single unit to share labour, specialise in tasks, and coordinate efforts (Chen & 
Siede, 2007). So the first level of defence acts at the level of the colony. We can 
consider in this level (Fries and Camazine, 2001):
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* Grooming and allogrooming: the behaviour of bees in cleaning themselves or 
other bees from dirt and parasites.
Cell cleaning: bees routinely clean the cells before storing new resources. They 
also clean as well cells that contain infected or dead bee larvae.
* Undertaker bees: these bees throw dead bees, larvae and other insects out of the 
nest.
* Use of antibacterial substances such as propolis: this material is used not only 
to seal eventual fractures in the hive, but also as an isolation material to cover and 
mummify enemies that honey bees have previously killed in the hive. These can be 
as large as a mouse.
Second level defences are the mechanical/chemical barriers to infection of the bee itself 
(Evans et al, 2006, Chen & Siede, 2007). We can consider in this level:
* Exoskeleton: made of chitin, physically separates the internal organs from the 
environment and from pathogens.
* Chitinous linings of trachea: reduce the possibility of infection from airborne 
disease agents.
* Peritrophic membrane: a chitinous membrane lining to the midgut. This keeps 
pathogens in the alimentary tract and prevents them from entering the 
haemocoel through the gut wall.
* Biochemical environment of the gut: prevents the growth of many bacterial 
species. In fact antimicrobial substances are present in ingested food (honey), 
and different proteolytic enzymes are secreted in the gut
* Antibiotic system in pollen and honey and royal jelly: the chemical 
characteristics of these foods such as the Water Activity (AW is the percentage 
of water in the food not bound to chemical substances available to be utilised by 
other organisms such us bacteria), pH and presence of antibacterial substances 
as glucose oxidase keep it free from pathogenic bacteria.
The third level of defence is the immune system. Insects lack an immunoglobulin-based 
immune response characteristic of higher animals; natural killer cells, antibodies, 
cytotoxic T cells and memory cells are all lacking and immunity in the insect is based
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solely around the innate immune system (Chen & Siede, 2007). Nonetheless this type of 
response may still be divided into cellular and humoral arms.
1 Cellular immune response: the primary goal of tliis response is the 
differentiation between self and non-self molecules and thus the recognition of 
pathogens. The binding of the haemocytes to the pathogen leads to the first cellular 
reaction, phagocytosis. When the number of pathogens is high nodule formation 
may result from the cooperation of many haemocytes. When the pathogen is very 
large, for example a parasite, and cannot be phagocytosed, the cellular response 
leads to encapsulation (multilayer of haemocytes and melanin) (Chen & Siede, 
2007).
2 Humoral immune response: this system involves secretion of antimicrobial 
peptides by fat bodies (equivalent to the mammalian liver) into the haemolymph 
(Chen & Siede, 2007). Their expression is regulated by two signalling pathways, the 
Toll pathway and the immune deficiency (Imd) pathway (Bulet et a l, 2004). The 
Toll pathway is activated in Gram-positive infections and the Imd is activated in 
Gramrnegative infections. A third pathway, the Janus-Kinase signal transduction 
(Jak-STAT) pathway seems to be involved in the response to viral infection but 
further studies are required to fully understand how insects can combat viral disease. 
(Evans et al., 2006)
1.3 Varroa destructor, an important vector of viral diseases
Varroa destructor (Acari: Mesostigmata: Varroidae) (Figure 1.3) is an external parasite 
of honey bees. Varroa dimensions are: (L) 1.1 mm X (W) 1.6 mm for the female and (L) 
0.8 mm X (W) 0.7 mm for the male. The colour of the female is reddish brown, the 
male is greenish-white; they are crab-shaped (Morton et al., 2005).
Originally confined to Apis cerana it has spread in recent decades to Apis mellifera 
because of the introduction of this species in Asia due to its high honey production 
(Morton et al., 2005).
The miles feed on both adull honey bees and brood, weakening them and increasing the
spread of honey bee viruses by the use of penetrating mouth-parts. In fact it is
recognised that Varroa can be an active vector (the virus can replicate in it) of some
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honey bee viruses (such as DWV) so the parasite can increase virus titre and can 
efficiently transmit by injecting the viruses directly in the haemolymph, overcoming the 
mechanical defences of the bee and the immune defences by depleting the bee of 
nutrients and blood cells contained in the haemolymph (Martin et al, 1998; Bowen- 
Walker et a l, 1999; Ongus et al, 2004). Infested colonies eventually die out unless 
control measures, such us Oxalic acid treatments, are applied in a timely fashion 
(Morton et a l, 2005).
V. destructor completes its entire lifecycle within the hive. This comprises a stage as an 
adult parasite living on adult bees (phoretic stage) and a reproductive stage inside the 
sealed brood cells (Morton ef a/., 2005).
To breed, an adult gravid female mite enters occupied brood cells just before the cell is 
capped with wax by adult honey bees. Mites prefer to breed in drone brood, but will 
also breed in worker brood (Morton et al., 2005). About four hours after capping, the 
female starts feeding on the immature bee and establishes a feeding site (open lesion) on 
the developing bee that her offspring can feed from as they develop. About 60-70 hours 
after capping the female lays the first of her eggs; each female lays 5-6 eggs. Mating 
between male and female mite offspring occurs within the cell (Morton et a l, 2005). 
The mite offspring develop through two juvenile stages known as the protonymph and 
deutonymph before becoming adults. Mature female mites leave the cell when the host 
bee emerges. Some of these may produce a second or third generation of mites by 
entering new brood cells.
Mite population growth is influenced by the development and status of a colony, and 
depending on circumstances mite numbers will increase between 12 and 800 fold 
(Morton et al, 2005). Such an ability to multiply means that Varroa is The number one 
problem in beekeeping. Beekeepers can treat the hives with natural and chemical 
treatments, but Varroa has shown an extraordinary tolerance and resistance to both 
(Milani et a l, 1999; Lodesani et al, 1995).
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FIG 1.3: Adult female varroa mites (red arrows) on a worker bee. Varroa mites 
usually bite in positions where the honey bees cannot groom properly (Courtesy 
o f Mike Brown, Crown copyright. National Bee Unit, FERA).
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1.4 Colony Collapse Disorder (CCD) syndrome
CCD is characterized by a sudden loss of hives (up to 90%) in apiaries without a clear 
precedent history of disease (van Engelsdorp et al., 2007, 2008; Cox-Foster et al., 
2007). CCD syndrome can be differentiated from colony losses caused by other means 
by a rapid reduction in the adult bee population with no sign of dead bees inside the 
hives or in the region of the apiary (van Engelsdorp et al., 2007, 2008; Cox-Foster et al., 
2007). CCD colonies often have plenty of stores (honey and pollen) and a large area of 
untended brood. Often the queen remains with a small group of young attending 
workers (van Engelsdorp et al., 2007, 2008; Cox-Foster et al., 2007). What is really 
strange is that the hive products are not stolen by other bees and even the wax is not 
spoiled by the wax moth as usually happens when an abandoned hive is left in the field. 
Basically both honey bees and moth seems to refuse the products of the abandoned hive. 
Apart from CCD, large-scale bee losses with apparently cryptic causes have been shown 
to occur throughout history, and the phenomenon is quite constant across the years as 
shown in Table 1.1.
Each time large-scale colony losses occur, it prompts animated debates between 
scientists generally without a clear-cut resolution (Rennie ei al., 1921; Bailey, 1964; 
Oertel, 1965; Foote, 1966; Kauffeld, 1973; Olley, 1976; Thurber, 1976; Wilson and 
Menapace, 1979; Shimanuki et al., 1994; Tew, 2002; Svensson, 2003; Anderson, 2004). 
In this recent case researchers are focusing on a wide range of pathogens and external 
causes (parasites, viruses, pollen, nectar, pesticides and stress), but at the moment the 
pathogen responsible for the syndrome has not yet been found (Cox-Foster et al., 2007; 
Stokstad, 2007a^b; Oldroyd, 2007; Anderson and East, 2008; Cox-Foster et al., 2008). 
Recently, a virus called Israeli Acute Paralysis Virus (lAPV) has been considered as a 
marker and has been suspected (but not confirmed) to be the pathogen responsible for 
CCD, or at least a co-factor (Cox-Foster et al., 2007; Palacios et al., 2008). The problem 
of confirming this virus as a marker for CCD is its close relationship with other two 
viruses called Kashmir Bee Virus (KBV) and Acute Bee Paralysis Virus (ABPV) (de 
Miranda et al., 2010a ); this similarity between these three viruses often leads to 
misidentification (Palacios et al., 2008).
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At the moment further work is required to elucidate the precise role(s) that these viruses 
play in this syndrome , and if they act alone in the causation of the disease or if they 
need external factors that can boost tlieir virulence (Cox-Foster el al., 2007, 2008; 
Anderson and East, 2008; van Engelsdorp et al., 2008).
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Year Location Citation
950,992,
1443 Ireland Flemming 1871
1868 Kentucky, Tennessee ; Anonymous, 1869
1872 Australia Beuhne, 1910
1906 Isle of Wight Rennie cf a/., 1921; Bullamore, 1922
: 1910 Australia Beuhne, 1910
1915 Portland, Oregon Root and Root, 1923 :
1915 Florida to California Tew, 2002
1917 United States Root and Root, 1923
1917 New Jersey, Canada Carr, 1918
1960's Louisiana, Texas Williams and Kauffeld, 1974
1960's Louisiana, Texas Kauffeld, 1973
196d’s Louisiana Roberge, 1978
1963-64 Louisiana . Oertel, 1965
1964 California / Foote, 1966
1970’s Mexico Mraz, 1977
1970’s Seattle, Washington Thurber, 1976
1970’s USA survey. Wilson and Menapace 1979
1974 Texas Kauffeld gf a/., 1976
1975 Australia Olley, 1976
1977 Mexico Kulinôevié et a l, 1984
1978 Florida Kulinôevié ef a/., 1982
1990 France Faucon e/fl/. 1992 :
1995-1996 Pennsylvania Finley gf d/., 1996
1999-2000 France Favicon ef a/. 2002 ;
1998-2000 Hungary Békési et a l, 1999; Bakonyi et al. 2002b
2002 Alabama Tew, 2002
2002-2003 Northern Europe Svensson, 2003 • .
2004-2006 Austria Berényi ef ût/., 2006
Tab 1.1; Summary of the historieal reported colony loss. Shown are the year when the colony loss 
happened, the location, and the author that described it  (de Miranda et al., 2010a )
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1.5 Honey bee viruses
Viruses were first reported in honey bees in 1913 when Dr. G. F. White identified a 
filterable agent as the cause of Sacbrood disease (White, 1913). All the honey bee RNA 
viruses appear as small isometric particles in the Transmission Electron Microscope (see 
fig 1.4) except Chronic bee paralysis virus (CBPV) that displays asymmetric particles 
(showed later in fig 1.16).
Although they usually persist in the hive as an unapparent infection, under certain 
conditions they can dramatically affect the health of the colony, even precipitating 
collapse (Chen and Siede, 2007).
Until now 18 viruses (Ellis and Munn, 2005) have been accepted as true honey bee 
viruses and their characterisation has proceeded rapidly in recent years. Table 1.2 
reports the actual status of the characterization of these viruses.
As can be seen in Table 1.2, with the exception of Apis Iridescent Virus (AIV) and 
Filamentous Virus (FV), the RNA viruses seem to have a predominant role in honey bee 
pathology. According to their genome organization they have been assigned to the Order 
of Picomavirales and family of Dicistroviridae , or to the Family Iflaviridae. Honey 
bee viruses belonging to Dicistroviridae belong to the genus Cripavirus (BQCV) and to 
the genus Aparavirus (ABPV/KBV/IAPV), while all the honey bee viruses belonging to 
Iflaviridae belong to the unique genus i/7av/rus(according to the International 
Committee on Taxonomy of Viruses http://ictvonline.org/virusTaxonomy.asp? 
version=2009&bhcp=l accessed on 11/11/2011). The affiliation of these two families to 
the order of Picornavirales due to the high homology in various parts of their amino- 
acid sequence. For example Figure 1.5 shows an alignment of the eight RNA 
dependant-RNA-Polymerases (RdRp) conserved domains (Koonin and Dolja, 1993; 
Baker and Schroeder, 2008b); there are many conserved motifs found between the bee 
viruses, but also with the RdRp tract of Drosophila C virus (different insect as host) and 
even with Foot and Mouth Disease virus (FMDV) (a mammalian, epizootic 
Picomavirus). Other researchers have found other conserved motifs in Helicase and 3C- 
Protease amino-acid sequence of the honey bee virions (Lanzi et a l, 2006).
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For Chronic Bee Paralysis Virus (CBPV) is still not possible to find a virus that shows 
characteristics of similarity that can allow us to put him in a taxonomical category 
(Ribière et a l, 2010).
The general characteristics and genetics of the Dicistroviridae, Iflaviridae and the 
unassigned virus CBPV will be described in the next three paragraphs. For each group 
of viruses a description of the viruses analysed in this research will also be given.
25
Fig 1.4: T.E.M. of purified bee viruses. Fig A:
Sacbrood virus (SBV) (92,000X), fig B: Black queen 
cell virus (BQCV) (92,000X). The viruses in the 
pictures, purified and kindly gifted by Denis Anderson 
(Commonwealth Scientific and Industrial Research 
Organisation (CSIRO)) were previously confirmed 
using the Real Time rt-PCR.
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Vinu Transmission Susceptible host Taxonomic allocation 
(Family/Genus)
Genome Complete nucleotide 
sequence available
Chronic bcc 
paralysis 
virus
Horizontal; Os, 
contact 
Vertical?
Adults Unassigned +sRNA 
(RNAl and 
2)
NC_010711.1 (RNAl) 
NC_010712.1(RNA2)
Acute bee 
paralysis 
viriB
Horizontal: Os /  
Vertical?
Brood and adults Dicistroviridae/
Aparavirus
+»RNA NC_002548.1
Kashmir bee 
virus
Horizontal: Os I  
Vertical?
Brood and adults Dicistroviridae/
Aparavirus
+ssRNA NC_004807.1
Israeli acute 
paralysis 
virus
Horizontal: Os I  
Vertical?
Brood and adults Dicistroviridae/
Aparavirus
+ssRNA NC_009025.1
Deformed 
wing virus
Horizontal: I  
Vertical
Brood and adults IJlaviridaeHf[&\'ma +ssRNA NC_004830.2
Kakugo
virus
Horizontal; /  
Vertical
Brood and adults IJlaviridae/flavirus +SSRNA NC_005876.1
Varroa 
destructor 
virus-1
Horizontal: I  
Vertical
Brood and adults Iflaviridae/flavirus +ssRNA NC_006494
Black queen 
cell virus
Horizontal: Os Brood and adults Dicistroviridae/
Cripavirus
+ssRNA NC_003784.1
Sacbrood
virus
Horizontal: Os Brood and adults Iflaviridae/flavirus +SSRNA NC_002066.1
Slow bee 
paralysis 
virus
Horizontal: Os? P Brood and adults Iflaviridaeflavirus +ssRNA NC_014137.1
Apis
iridescent
virus
Unknown Adults Iridoviridae/Iridovirus dsDNA No
Filamentous
virus
Horizontal: Os Adults Unassigned dsDNA No
Bee virus X Horizontal: Os Adults Unassigned +ssRNA No
Bee virus Y Horizontal; Os Adults Unassigned +ssRNA No
Cloudy wing 
virus
Unknown (Os, 
Airborne, I)
Brood and adults Unassigned +SSRNA No
Arkansas 
bee virus
Unknown Adults Unassigned +ssRNA No
Egypt bee 
virus
Unknown Adults Unassigned +ssRNA No
CBPV
associated
particles
Horizontal: Os, 
contact 
Vertical?
Adults Unassigned +ssRNA No
Table 1.2: Current status of characterization of honey bee viruses. Shown are the name o f the virus, 
the preferred or reported mechanism o f transmission, the cast infected, the taxonomical classification, the 
genotype and availability o f the full sequence in Genbank. (From the European commission project report 
Virology and the honey bee, 2008 modified).
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Fig 1.5: Conserved RdRp domain (I-VIII) of honey bee viruses, Drosophila C virus and Foot and 
Mouth disease (FMD).The RdRp amino-acidic sequence of ABPV, lAPV, KBV, SBV, BQCV, DWV, 
KV, VDV-1 and SBPV are aligned with the Drosophila C virus and FMD RdRp amino-acid sequence. 
The red bars show total consensus between all the viruses in the amino-acid sequences. Yellow, green, 
turquoise and blue bars indicate that the amino-acid is conserved, but not in all viruses considered in the 
alignment.
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1.6 Dicistroviridae^ characteristics and genetics
The name originates from the dicistronic organization of their RNA genome. They are 
non-enveloped viruses showing a icosahedral T-3 symmetry. The capsid is composed of 
60 repeating protomers, each consisting of a single molecule of each of three proteins 
VPl, VP2, and VP3. In addition to these three proteins, a smaller internal protein VP4 
may also be present (e.g. BQCV and ABPV) (Govan et al,. 2000). The virion 
dimensions range from 17 to 30 nm. The Figure 1.6 shows a representation of the 
virion. Dicistroviruses have a monopartite, linear ssRNA(+) genome ranging from 8.5 
to 10.2 kb. A viral protein (VPg) is bounded at tlie 5’-terminus of tlie viral RNA and at 
the 3’end there is a polyA tract (about 20 bp). The genome is organized into two non­
overlapping open reading frames, ORFl and 0RF2, that encode the non-structural and 
structural proteins, respectively as shown in Figure 1.7 (Chen et al, 2007 modified).
The viral RNA is infectious and acts also as mRNA, The RNA encodes two 
polyproteins from ORFl and 0RF2. The first encodes the non-structural proteins 
involved in replication, while 0RF2 encodes three (or four depending on the virus) 
capsid proteins. ORFl is preceded by an untranslated region (UTR) that contains as an 
internal ribosome entry site (1RES) element; an Intergenic Region (TOR), upstream of 
the 0RF2 which also contains an 1RES element. At the 3' end there is another UTR 
upstream of the polyA tail. The length of the poly(A) tail, genetically determined, varies 
in different viruses and the 3' UTR, folded in a steam-loop structure, seems to be 
involved in RNA replication (Chen et a l, 2007).
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Fig. 1.6: Representation of the virion structure. On the left picture the internal organization of the 
virion containing the RNA genome is shown. The capsid is formed by the four proteins VPl, VP2, VP3 
and the internal VP4. On the right the classical T3 symmetry of the virion is shown; each side of the 
icosahedron is made by the VPl, VP2 and VP3 protein. 
(http://www.expasy.org/viralzone/all_by_species/36.html (modified)).
5'
5*
UTR
1RES ORFl (Nonstrucrural proteins
IGR r ------------------;-------------— I
1RES [0RF2: capsid proteins 3' UTR
Poly
Helicase Protease Repli case VP2 VP4 VP3 VPl
5'
5'
UTR
1RES capsid proteins (Nonstrucrural proteins)
VP2 VP4 VP3 VPl Helicase Protease Replicase
3’ UTR
Poly
A
Figl.7: Genome organization of Dicistroviridae (upper) and Iflaviridae (lower):
From the left to the right; VPg= genomic viral protein; 5'UTR= untranslated region (near the 5' end); 
IRES= internal ribosome entry site; ORFl= open reading frame 1; IGR= intergenic region; 0RF2= open 
reading frame 2; VP 1,2,3,4= viral protein 1,2,3,4; 3'UTR= untranslated region (near the 3' end); PolyA= 
poly-adenylate tail (Chen et a i, 2007 modified).
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1.6.1 Black queen cell vims (BQCV).
Infection of honey bees with BQCV has been reported in North America, Central 
America, Europe, Oceania, Asia, Africa, and the Middle East (Allen and Ball, 1996; 
Ellis and Munn, 2005). The virus mainly affects developing queen larvae and pupae 
while they are in capped cells. Diseased larvae have a pale yellow appearance and a 
sac-like skin, a symptom somewhat similar to that induced by Sacbrood virus (SBV), 
but infected pupae turn dark in colour or black and die rapidly. The wall of the queen 
cell becomes dark and this is a characteristic symptom of BQCV infection. Worker bees 
c ^  also be infected by BQCV but normally do not exhibit disease symptoms.
A study conducted by Tentcheva (Tentcheva et al., 2004b) indicated that BQCV 
infection was more prevalent in adult bees than in pupae and that the incidence of 
BQCV was higher in spring and summer than in autunm.
BQCV seems to be transmitted through the glandular secretions of the nurse bees. Even 
though a positive association between Nosema and BQCV was found in the past, the 
mechanism by which Nosema activate and transmit BQCV infection remains to be 
determined (Chen and Siede, 2007).
1.6.2 The Acute bee paralysis virus (ABPV)-Kashmir bee virus (KBV)- 
Israeli acute paralysis virus (lAPV) complex.
Acute bee paralysis virus (ABPV), Kashmir bee virus (KBV) and Israeli acute paralysis 
virus (LAPV) share many characteristics^ not only in their gene arrangement, but also 
their biological behaviour. These viruses share the same routes of transmission, (e.g. 
transmitted by Varroa or as a result of cannibalization of diseased larvae) and a 
widespread, frequently asymptomatic, distribution. Clinical symptoms are rare and 
associated with elevated viral titres producing symptom such as trembling, progressive 
paralysis, inability to fly, dark bees and loss of hair. Unlike the CBPV, the paralysis 
often remains at the level of the individual and rarely translates to mass paralysis (de 
Mirandas/ al., 2010a ).
These viruses were all discovered in the laboratory while scientists were undertaking 
propagation experiments in white eyed pupae (Bailey et al., 1963). In fact ABPV was
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found in a study on CBPV, KBV in 1974 was found in a study on Apis iridescent virus 
in Apis cerana (Bailey et al., 1976, 1979), and lAPV was purified in 2002 while 
propagating the extract of a single bee from a cluster of dead bees found in front of a 
failing hive in Israel (from which the name of the virus is derived) (Maori et al., 2007 
a,b).
The high variability in the genome of these viruses has complicated the diagnosis of 
disease and their classification which relies on the detection of specific viral sequence 
using methods based on PCR (de Miranda et al., 2010a).
LAPV, KBV and lAPV have been reported all over the world singularly and also 
associated together as shown in Figure 1.8 (de Miranda et al., 2010a ).
The presence of ABPV in A. mellifera has been reported in North America, Central and 
South America, Europe, Oceania, Asia, Africa, and the Middle East (Ellis and Munn, 
2005). Infection with ABPV rarely causes clinical signs (Bailey etal., 1981) and is thus 
often seen in apparently healthy adult bees, particularly during the summer. Spread of 
ABPV in the colonies is probably via salivary gland secretion of infected adult bees. 
(Chen and Siede, 2007). ABPV is considered to be the second most-prevalent virus of 
the honey bee in Austria (Berenyi et al., 2006).
Varroa mites can act as a virus vector and transmit ABPV. Detection of large amounts of 
the virus in diseased or dead bees from colonies heavily infested with Varroa mites 
suggests that infestation of Varroa mites may also stimulate the virus to replicate and 
favour disease induction over asymptomatic infection (Chen and Siede, 2007). While 
Varroa mites might activate ABPV, inducing depletion in the defence of the bees and 
directly infecting virus into the haemolymph, the replication of the virus can be also 
induced by other factors. Some studies showed that ABPV was present in bees from 
apiaries where no APBV-positive Varroa mites were detected (Tentcheva et al., 2004b) 
and that replication of ABPV can be activated by simple stress procedures such as 
injection of potassium phosphate buffer (Hung et al., 1996). This suggests that the 
Varroa mite is not the sole factor contributing to outbreaks of ABPV infection (Chen 
and Siede, 2007).
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Strains of KBV hâve been found in A. mellifera from Canada (Allen and Ball, 1995), 
Fiji (Anderson, 1991), Spain (Allen and Ball, 1995), and the United States (Bruce etal., 
1995; Hung et al., 1995). KBV attacks all stages of the bee life cycle and persists within 
the brood and adult bees as an unapparent infection (Ball, 1985; Anderson and Gibbs; 
1988). The disease and associated mortality lack clearly defined symptoms. (Chen and 
Siede, 2007). KBV is considered to be the most virulent honey bee virus under 
laboratory conditions. It multiplies quickly if introduced into the haemolymph, causing 
mortality within 3 days. It has been shown that Varroa mites are effective vectors of 
KBV passing this virus by injecting it into the host haemolymph (Chen et al., 2004). 
KBV seems not to be infectious through food (Chen and Siede, 2007).
Immuno-difiusion tests, using the structural proteins as antigen in the production of 
antibodies, showed that strains of KBV from Canada and Spain are serologically more 
closely related to ABPV than to other KBV strains (Allen and Ball, 1995). Molecular 
analysis revealed KBV and ABPV share about 70% sequence homology over the entire 
genome, although there are significant differences in several critical areas of the 
genomes between the two viruses (de Miranda et al., 2010a ). KBV infection is less 
prevalent than the other bee viruses. A large-scale field survey in France showed that 
KBV was found in the adult population in only 17% of the apiaries (Tentcheva et aL, 
2004b) but this data could be affected by miss-classification between KBV and lAPV 
that was actually found in France recently (Blanchard et al., 2008b).
lAPV is the most recently identified honey bee virus of this group and it is surprisingly 
very closely related to KBV genetically (Maori et al., 2007a) as it is possible to see in 
the figure 1.9 that shows a phylogenetic tree of KBV/ABPV/IAPV isolates (table 1.3) 
using Solenopsis Invicta virus 1 as outgroup. This relationship is sufficiently close that 
LAPV may be better regarded as a variant of established viruses (KBV) rather than as a 
distinct virus in its own right. It is considered by some authors (Cox-Foster et al., 2007) 
as a marker for Colony Collapse Disorder (CCD), the syndrome that is jeopardising 
honey bees in America. It was considered a marker because he was found in all the 
hives with CCD (but it was also found in healthy hives). However, further studies are 
required to clarify this role (Anderson and East, 2008).
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AUSTRALIA (1) 
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FRANCE (1)ABPV
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FRANCE (2) 
FRANCE (1) 
ISRAEL (6) 
USA (3)
Fig 1.9: Relationships between KBV, lAPV and ABPV isolates. A 349 nt section within the 
polymerase region (nt 5454—5802 of the KBV genome) was aligned, using Solenopsis invicta virus-1 
(SnIV-1) as an outgroup. The details of isolates used are given in Table 1.3. The phylogram was 
constructed by MEGA-4 (Tamura et al., 2007), using Minimum Evolution criteria and 1000 replicate 
bootstrap analysis; branches with less than 60% bootstrap support were collapsed.
Legend: bold = internal branch; italic = terminal node leading to each taxonomic genogroup; grey type= 
lAPV/ KBV isolates currently misclassified in the public DNA databases;black type = isolates correctly 
classified, (de Miranda et al., 2010a).
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Vlnis Coiotry Year Accession leference
USA(CA) 1994 AP005478-AF005479 Hunger aL 2000
USA(CA) 1998 AI052566; AF052567; AF093457-AHH3460 Hunger aL 2000
USA(CA) 1998:1999 AF003239; AP117953 Hunger aL 2000
USA(CA) 1999 AF13S852-AF135861 Hunger aL 2000
USA (ME) 1997 ARnS359 Hung eraL  2000
USA (PA) 2002 AY275710 deM iondaeraL2004
USA (MO) 2000 AF177935 Enns and Hung. 2000
KIV USA (MO) 2000 AF233366-AF233367 Evans. 2001
USA (MO) 1997 ARB7591: AF027125 Hung and Stiinunuid. 1999
USA 1995 AF232007 Hung (1999b) (unpublished)
USA 1999 AF20Q331-AF200336 Hung (1999b) (unpublished)
USA (MO) 1999 AFD34S43 Hung (1999) (unpublished)
USA(TX) 2007 EU436460-EU436461 Paladoserat(2008)
A ustriu 2007 EU4364S7 Paiados eraL (2008)
U iu4i(O nbrio) 2001 ARI34542 Hung eraL (2000)
Oenouit 2007 EFS70091 Nielsen eraL (2008)
Gefflujqr (H e*) 2004 AY787143 Siede and BQchler (2004)
NawZèixid 2004 - Sede and BQchler (2004)
Spain 2004 AY82I562-AY821563 Eferon er a l (2004) (unpublished)
USA(PATX) 2007 EU436462: BJ436464 Pal^oseraL(2006)
AiBtriia 2007 EU436468 PaiacioseraL(2006)
Auar4ù(NaW) AFD34541 HotgeraL(2000)
AiistriM 2007 EU436456; BJ436469 Pdados eraL (2008)
Fance 2002 de Muanda er aL (2009) (unpubished)
Cinida 2007 EU4364S8-EU436459 Paiados eraL (2008)
lAIV USA (PA) 2007 EU436423; 01436463 Pdados eraL (2008)
Isad 2000 EF219380 Manderai. (2007)
H ad 2007 EU436455; BJ43647D-EU436472 Paiados et a i (2008)
Jonhn 2007 Fp25116-q22S119 Al-Abhadi er aL (2008) (unpublished)
South Koiea 2008 EU770972 jueraL (2008) (unpublidied)
RiKSU 1999 AF197905-AF197908 Hung (1999a) (unpublished)
Fancc 2002 AY668S454Y668S46; Teordwvaeral.(2004)
Fonce 2002 de kdnnda d  aL (2009) (unpubished )
USAflXCA-PA) 2007 EU436465-EU436467 PaladoseraL(2008)
? 1996-2000 AF468967 lUmnyi eraL (2002a)
Huitfery 1996-2000 AF486072 Balmnyl eraL (2002a)
Poland 1996-2000 AF486073 Bakonyl eraL (2002a)
Oennuit 2007 EF5708S8 Nielsen eraL (2008)
ABPV Fonce 2002 AY669853 Tentcheva e r i .  (2004)
England AF1S0629 GcnanetaL(2000)
England (Devon) 2007 OQ434968-OQ434990 Baker and Schmeder (2008)
SfllV-1 USA (A.) 2004 AY6343I4 Valles eraL (2004)
Table 1.3: Virus isolates used in the phylogenetic analysis reported in figure 1.10. Column 1 = 
correct virus assignation, Column 2 = geographic origin of the isolate; Column 3 = the year of isolation 
(inferred for some unpublished isolates). Column 4 = GenBank accession number; Column 5 = original 
reference, (de Miranda et al., 2010a).
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1.7 Iflaviridae characteristics and genetics.
The Iflaviridae share the same characteristics with the Dicistroviridae in terms of 
structure and the dimension of the virion, but they can be easily distinguished by their 
genome organization. These viruses also have a linear ssRNA(+) genome, ranging from
8.8 to 9.7 kb, a Vpg protein covalently bounded to the 5’ terminus and a polyA tail at 
the 3’ terminus. They also have a long UTR at the 5’ end containing an internal 
ribosome entry site (1RES) and a 3' UTR. However, Iflaviruses have only one ORF that 
encodes both structural (capsid) and non-structural proteins (Chen and Siede, 2007).
1.7.1 Sacbrood virus (SBV)
SBV is the first fully sequenced virus of the honey bee (Ghosh et al., 1999). It is the 
most widely distributed of all honey bee viruses and the only virus that is associated 
with overt disease in the hive (Chen and Siede, 2007), In fact SBV has been reported 
from every continent (Ellis and Munn, 2005). It attacks both brood and adult stages of 
bees but causes no obvious symptoms in adults. Transmission within a colony occurs 
via nurse bees that become infected whilst removing larvae killed by SBV Nurse bees, 
feeding the larvae and exchanging food with other adult bees, can spread the virus 
throughout the colony. Infected foraging bees spread the virus via their glandular 
secretions as they collect pollen. Young larvae become infected with the virus by 
ingesting virus-contaminated food (Chen and Siede, 2007).
Infected larvae fail to pupate properly, in particular they fail to shed their final layer of 
skin and a large amount of fluid (containing millions of SBV particles) accumulates 
between the body and this unshed skin. Affected larvae appear to be a water-filled sac, 
giving the disease its name. After death the larvae dry out and take on a brown scale like 
appearance. Infection with SBV can be readily diagnosed in the field because of these 
characteristic symptoms produced in the diseased brood. (Figure 1.10; Chen and Siede, 
2007),
The frequency of SBV infection in spring and summer may be significantly higher than 
in autumn (Tentcheva et al., 2004b). In fact during spring and summer, rich sources of 
pollen and nectar stimulate brood rearing and a great number of new workers hatch
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from the brood cells; thus increasing the possibility that SBV may attack the developing 
honey bees and multiply in the colonies.
SBV infection has been associated with Varroa mite infestation as SBV has been 
detected in large quantities in adult bees from Varroa mite-infested colonies, but 
Varroa has not been shown to act as a vector in transmitting SBV (Berenyi et al., 2006).
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Fig 1.10: Sacbrood virus affected larva. Typical water-filled sac-like 
larva; this is the pathognomonic symptom of Sacbrood disease. 
(Courtesy of Mike Brown, Crown copyright. National Bee Unit, 
FERA).
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1.7.2 Deformed wing virus (DWV), Varroa destructor virus (VDV-1) 
and Kakugo virus (KV)
DWV, VDV-1 and KV are three closely related iflaviruses of the honey bee. In fact 
DWV and VDV-1 have a genetic similarity of 84% and an amino acid similarity of 97% 
when sequences of the VPl part of the genome are aligned (Ongus, 2006). Similarly, 
DWV and KV share 97% of the genome and a polyprotein similarity of 98% (Fujiyuki 
et al., 2004; Ongus, 2006), however despite the genetic similarity, these viruses have 
been reported ot produce different symptoms. DWV infections lead to anatomic 
deformity (deformed wings) (Bailey and Ball, 1981) and KV infections results in 
changes in behaviour (aggressive bees) (Fujiyuki et al., 2004). No clear 
symptomatology has been described for VDV-1, as it is frequently mixed with DWV 
even in the same bee; so the symptoms of VDV-I could be covered by the symptoms of 
DWV or simply VDV-1 could be a sub-clinical disease of the honey bee.
The most important and well known between these three viruses is DWV. It was 
isolated from adult bees in Japan (Bailey and BalL 1991). The infectioii by DWV has so 
far been reported in Europe, North America, South America, Africa, Asia, and the 
Middle East (Allen and Ball, 1996; Antunez et al., 2006; Ellis and Munn, 2005). It has 
never been reported in Oceania until now.
DWV can cause well known symptoms in infected bees, although it does not usually 
trigger colony collapse alone. Typical disease symptoms of DWV infection are 
shrunken, deformed wings (hence, the name of the disease) (Figure 1.11), decreased 
body size, and discolouration in adult bees. However, the mechanism by which DWV 
causes the morphological deformities of the infected hosts is unclear (Chen and Siede, 
2007).
All the prevalence surveys have shown that DWV is the most prevalent infection in A.
mellifera. Research conducted from Yan Ping Chen in the United States showed that
DWV infection occurred in all (100%) of the apiaries investigated (Chen and Siede,
2007). Tentcheva obtained similar results and DWV was detected in over 97% of
French apiaries when the adult bee populations were examined (Tentcheva et al.,
2004b). Some seasonal variation in virus incidence was observed and the frequency of
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DWV infection in both adult bees and pupae increased considerably from summer to 
autumn during the year (Tentcheva et al., 2004b). Other researchers, seems to agreed 
that DWV is the most prevalent virus of the honey bee ( Berenyi et al., 2006; Nielsen et 
al., 2008; Baker and Shoroeder, 2008; Forgach et al., 2008; Teixeira et al., 2008). 
Laboratory and field studies showed that the Varroa mite is an active vector of the 
DWV (the virus can actually reply into the mite, so Varroa is not just a mechanical 
vector) (Martin et a l, 1998; Bowen-Walker et a l, 1999; Ongus, 2006). Varroa mites 
appeared to be DWV positive in 100% of French apiaries (Tentcheva et a l, 2004b). 
Despite this evidence it was impossible to find the site of DWV replication in the 
Varroa mite by immunolocalization (Santillan-Galicia et a l, 2008).
KV was described by Fujiyuki as a virus capable of increasing aggressive behaviour in 
the honey bee (Fujiyuki et a l, 2004). Fujiyuki presented a giant hornet {Vespa 
mandarinia japonica) to the guard bees. He then analysed the attacking and the non­
attacking bees and he found that in the brain of the aggressive bees was a virus that he 
named Kakugo which means “ready to attack” in Japanese (Fujiyuki et a l, 2004). 
Because of the close relationship between KV and DWV (almost genetically 
indistinguishable) needs to be clarified whether they represent two different variants of 
the same virus, or and indeed whether DWV may be able to cause similar change in 
behaviour as KV.
Ongus demonstrated that VDV-1 and DWV were present only in Varroa parasitised 
honey bees (Ongus, 2006 ). This is confirmed by the fact that in areas where Varroa is 
never been reported (e.g. Kenya and north Sweden), VDV and DWV are also absent 
(Oldroyd, 1999; Yue and Genersch, 2005). This suggests that VDV-1 and DWV are 
both strongly associated with the Varroa mite, and that they are Varroa viruses adapted 
to replicate in honey bees.
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*Fig 1.11: DWV symptoms (adult bee). The honey bee appears less 
coloured than normal and the wings appear shrunken, atrophic and 
deformed. (Courtesy of Mike Brown, Crown copyright. National Bee 
Unit, FERA).
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1.7.3 Slow bee paralysis virus (SBPV)
SBPV is the most recent honey bee virus to be sequenced (de Miranda et al., 2010b). It 
remains unassigned, but the genomic characteristics suggest it is likely to belong to the 
Iflaviruses. This virus was described by Bailey while he was isolating CBPV and ABPV 
(Bailey and Woods, 1974). What he found was a virus with slightly different 
characteristics (30 nm in diameter, sedimentation 176S and buoyant density of 1.35 
g/ml) that didn't react with any antibody against CBPV and ABPV and had the ability to 
kill injected bees in about 12 days. In addition the symptoms were different to those of 
ABPV and CBPV infection; in this case honey bees showed by paralysis of the anterior 
legs for a couple of days before death. It was named slow bee paralysis virus to 
differentiate it from the relatively quick disease progression that is it possible to see in 
CBPV and ABPV infection. Bailey theorised that this virus could be responsible to 
some the many unexplained colony losses that affect honey bee breeding every year 
(Bailey and Woods, 1974).
SBPV seems to be extremely rare, having been identified positively in the laboratory 
only in Britain, Fiji and Western Samoa (Allen and Ball, 1996; Martin et al., 1998; 
Anderson, 1990) despite being included in many of the surveys (Homitzky, 1987; Ball 
and Allen, 1988; Topolska et al., 1995; Nordstrôm et al., 1999; Todd et al., 2007)
As it was never reported in field studies, many scientists were keen to think that it was 
just a laboratory variant of a previously described bee virus (de Miranda, personal 
communication). This hypothesis can no longer be sustained as recent findings in the 
field of the sequences of SBPV clearly demonstrate that this is a virus, present in the 
environment with a pathogenetic role for the honey bees that needs to be clarified in the 
near future (de Miranda et al., 20il0b).
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1.8 Unassigned virus characteristics and genetics
CBPV, is a virus that cause an infectious disease of the adult honey bees. Previously 
known with different names in different countries such as “little blacks” (UK), “hairless 
black syndrome” (US), “wwz/ wero” (Italy), "^Schwarzsuchf" (Germany) and “ma/ noire** 
(France) (Ribière et al., 2008). These names reflect one of the two possible symptom 
sets that can be seen in CBPV infection. First, lots of honey bees appear black, hairless, 
shiny and greasy in bright light. Infected bees do not actively contribute to the hive 
tasks and usually are attacked by the normal bees by nibbling their wings (Figure 1.12). 
The second set of symptoms is characterised by inability to fly, trembling, mass 
paralysis and finally death (Rinderer and Rothenbuhler, 1975). The two sets of 
symptoms eould appear in the same infected hive singularly or mixed.
Mechanisms of transmission that have been demonstrated for CBPV are injection, 
contact, oral (even if a large amount of virus particles are needed in this last case) and 
probably vertical (trough infected queens) (Bailey, 1965; Kulinevic et a l, 1973; Chen 
gf a/., 2005a; Chen er a/., 2006b ).
CBPV is the only honey bee virus that still cannot be assigned to any group of viruses. 
It displays asymmetric particles of 30-65 nm in length and about 20 nm in width. 
However, a plethora of shapes has been described including rings and figures of eight 
with dimensions up to 640 nm in length (Figure 1.13) (Bailey et al., 1963).
The virus is widespread in Britain , causes mortality in honey bee colonies yet CBPV 
does not seem to follow a seasonal pattern as seen in other viruses (Bailey et a l, 1981; 
Tentcheva et al., 2004b). The Varroa mite is not likely to be a vector as CBPV has not 
been found in the parasite.
CBPV is often found in association with a “satellite” virus, first called Chronic 
paralysis virus associate (CPVA) now named Chronic bee paralysis satellite virus 
(CBPSV) and is classified as the only member of the Chronic bee paralysis virus 
associated satellite subgroup (Bailey, 1976; Bailey et a l, 1980; Fauquet et al., 2005). 
Under T.E.M. they appear as isometric particles of 17nm in diameter and they have 
three single-stranded RNAs of about llOOnt each and were reported to have a single 
capsid protein of about 15kDa (Bailey et al., 1980). CBPSV are still of unknown
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significance, what we know to date about them is that they are serologically unrelated to 
CBPV, but caimot multiply in the absence of CBPV (Chen and Siede, 2007; Ribière et 
a/., 2010).
The characteristics and the genome organization of CBPV is very different compared to 
the assigned viruses discussed above. CBPV has been seen to encode polypeptides of 
about 75, 50, 30 and 20 kDa (Olivier et al., 2008a; Ribière et al., 2000).
The RNA is composed of two separate filaments of RNA respectively called RNAl of 
3674 bp and RNA2 of 2305 bp; the 5' is capped and no poly-adenylate tail is present 
(Figure 1.14) (Oliver et al., 2008a; Ribière et al., 2010).
The ORF 3 in RNAl shows significant similarities with the RdRp of the single-strand 
RNA viruses. No similarities were found in the Genbank database for the other ORFs 
(Ribière et al., 2010).
Matching the CBPV RdRp sequence with the sequences deposited in Genbank, using 
the Basic Local Alignment Search Tool (BLAST), Ribière found that this virus could 
have a phylogenetic position between the Nodaviridae (insect and fish viruses) and 
Tombusviridae (plant viruses) family clusters even if it differs from these two families 
in many structural and genomic characteristics (Ribière et al., 2010). The lack of 
similarities between this virus and other viruses described in the literature led us to 
consider this virus as a type species of a new group of positive stranded RNA viruses 
(Ribière et al., 2010). To justify this suggestion it is interesting to see the Figure 1.15 
that report the original phylogenetic tree obtained by Ribière aligning the RdRp 
sequences and the reported comparative table of the characteristics of Nodaviridae, 
Tombusviridae and CBPV. In fact even if the RdRp shows some analogies with the 
RdRp of Nodaviridae and Tombusviridae, the differences in the structural characteristics 
(e.g. host and particle shape) don't allow CBPV to join any of the two families.
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Fig 1.12: CBPV symptoms. On the left: black bee with nibbled wings; on the right: shiny, 
“greasy” bees (Courtesy of Mike Brown, Crown copyright. National Bee Unit, FERA).
— 20 nm
Fig. 1.13: CBPV (T.E.M). The virus show asymmetric particles of 
different dimensions. (Ribière el al., 2010).
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RNAl
CAP
1.643 3,589
RNA 2 303 845
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1 (108 m]
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298 2.041
879 1.119
Fig 1.14: Scheme of the genome organization of CBPV. Predicted genome organisation 
of CBPV RNA 1 and RNA 2. The positions o f seven putative ORFs are indicated and the 
putative sizes o f the protein encoded as described by Ribière. Legend: CAP= capped S', 
ORF 1-4= open reading frame 1-4, RdRp= RNA dependant, RNA polymerase (Ribière et 
al., 2010 modified).
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plant viruses
Characteristic Nodaviruses CBPV Tombusviruses
Host (s) Insects and fish Apis Plants
melUfera
Particles Icosahedral Anisometric Icosahedral
Sizes 32-37 nm 30^5 nm/ 30-35nm
(diameter) 20 nm (diameter)
Genome Positive ssRNA Positive Positive ssRNA
ssRNA
Number of RNAs 2 Major 2 Major 2 Major
(Dianthoviruses)
Size 11-1.4 kb 3.6-2 J  kb 3.9-1.5kb
Sub genomic RNAs Yes Presumed Yes
Poly (A) tail No No No
3' ends blocked Yes
(Alphanodavinis)
Yes No
5' ends capped Yes Yes Some
Interframe No Yes Yes
termination codon 
in the RdRp gene 
Satellite virus 
Symptoms
Yes (MrNV/XSV) Yes Yes
Nervous Nervous Necrosis
Fig 1.15: Taxonomical position of CBPV. Phylogenetic tree based on RdRp 
sequence and a table reporting the differences between CBPV, Nodaviruses and 
Tombusviruses (from Ribière et al., 2010 modified).
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1.9 Honey bee virus diagnostics
There are a variety of diagnostic methods available to diagnose viral diseases in honey 
bees. Beside the classical diagnostic methods such as the symptomatic evidence, or 
electron microscopy, it is possible to diagnose a viral disease using serology (protein 
profile, polyclonal and monoclonal antibodies. Agarose Gel Immuno diffusion (AGIO) 
and Enzyme Linked Immuno Sorbent Assay (ELISA)) or molecular biology techniques 
(Real Time rt -PCR, rt PCR, microarrays, sequencing, pyrosequencing). Each method 
has its strengths and its weaknesses, below I describe some of the most commonly used 
techniques in the diagnosis of honey bee viruses, considering their advantages and 
disadvantages. Before describing them we need to understand what characteristics a 
diagnostic test should have. A diagnostic test should be;
Sensitive: rapidly detect the pathogen without giving false negatives.
Specific: detect only the specific pathogen and not cross react with other pathogenic 
agents (or substrates) giving false positives.
Reliable (robust): insensitive to variations in the protocol or in the environment (e.g. 
ambient temperature).
Repeatable: give the same (or comparable) results when a single sample is analysed 
many times (by different people and even in different laboratories).
Universal: detect the pathogen at all life stages and disease state.
Simple: easy to execute and the possibility to use it in the field.
fast: the early detection of the disease can allow preventive measures to be taken.
Cheap: must be cost-effective.
In reality a perfect test fulfilling all these criteria does not exist because of the high 
number of variables involved (pathogen, host characteristics, environmental parameters, 
physic-chemical limits, intrinsic and operator errors).
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However, recent years have seen huge advances in the diagnosis of honey bee viruses 
with detection platforms moving from serology to molecular based approaches. The 
serology based methods investigate mainly the coat protein on the virus surface that are, 
in many cases species or even strain specific. The molecular based approaches detect 
the virus genetic material and are characterized by a high sensitivity and specificity. 
Perhaps more important than the detection technique used is to have a proper 
statistically representative sampling plan. Lack of a correct sampling plan, in fact, could 
render useless data generated from the most sensitive and specific technique.
1.9.1 Serology
The main problem in using antibodies for the diagnosis of honey bee viruses is the lack 
of a honey bee cell cultures system and the lack of bee samples that are positive only for 
one virus. This leads to a low specificity of the antibodies produced (polyclonal) as is it 
very likely that they are derived from a mixture of viruses. For example the monoclonal 
antibodies, from purified VP4 of KBV, ABPV and lAPV have been generated (de 
Miranda et al., 2010a), but due to the variability of these viruses they could give false 
negatives as the VP4 protein is encoded in one of the most variable parts of the viral 
genome. This led to misidentification with consequent errors and in the calculation of 
the prevalence and the distribution of KBVUAPV (de Miranda et al., 2010a). Some of 
the most used serology techniques to detect the honey bee viruses are discussed below.
1.9.1.1 Protein Profile
This technique is based on the characteristics of a mixture of linearised proteins to 
migrate through a polyacrylamide gel separated by molecular weight. The pattern of 
bands obtained in this way is typical of the virus from which the mixture of protein has 
been extracted (Laemmli, 1970; Jackman, 1987; Costas et a l, 1989; Pot et al., 1989; 
Vauterin and Vauterin, 1992). This technique, when combined with antibody-based 
techniques such as the Western Blot, allow the identification of the viral coat protein. In 
the case of the honey bee viruses, the protein profile can be used only if the virtises have 
been previously purified because of the very firequent mixed infections that can lead to 
unspecific protein profiles. In the case of honey bee viruses this is a major issue as
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many of the virions of different viruses share the same dimensions so is it very difficult, 
if not impossible, to obtain purified viruses free from contamination. Another problem 
is tliat tlic viral infections arc ofrcn sub-clinic with a very low titre of virus. In this case, 
if we want to use the protein profile technique, we need first to use molecular 
techniques to amplify the region of the genome that encode the protein that we are 
investigating, express it for example in E. coli, and then purify the protein. This 
procedure, while it is of great scientific interest because it allow us to investigate the 
proteome of viruses present at low titres in the host, cannot be routinely used as a 
diagnostic procedure because it is labour intensive.
1.9.1.2 Agarose Gel Immuno diffusion (AGID)
AGID is based on the principle that when an antigen meets its homologous antibody, 
coagulation result in a visible, insoluble precipitate. AGID has been largely used in the 
detection of honey bee viruses (Anderson, 1984; Ribière, 2000; Todd et al., 2007). In a 
semi-solid agarose gel matrix are present a central well, where the antibody is loaded, 
and a few lateral wells containing various sample extracts. Both antibodies and antigen 
will diffuse through the gel matrix and when they come into contact, if they are 
complementary, they will form a whitish band (Harlow and Lane, 1988). AGID is 
usually a very simple, fast and even robust method. However, in honey bee virology, 
due to the cross-contamination problem described in the previous paragraph, only 
monoclonal antibodies should be used and this unfortunately raises the cost of the 
analysis.
1 9.1.3 Enzyme Linked Immune Sorbent Assay (ELISA)
ELISA are popular methods used across many laboratories working on honey bee 
viruses (Anderson, 1984, 1985; Ball, 1985; Allen et al., 1986; Ball and Allen, 1988; 
Anderson and Gibbs, 1988, 1989; Kulinôevié et al., 1990; Ball and Bailey, 1991; Varis 
et al., 1992; Allen and Ball, 1995; Topolska et al., 1995; Stolz et al., 1995; Bowen- 
Walker et al., 1999; Nordstrôm et a/., 1999). There are several variations in the protocol 
available to produce direct plate trapped antigen (PTA), double antibody sandwich 
(DAS) and triple antibody sandwich (TAS) formats. Generically these protocols
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comprise directly (or indirectly) adsorbing the target in a well of a plate. Enzyme-linked 
antibodies are then added. At this point if antigen and antibodies match, an introduction 
of the substrate for the enzyme linked to the antibody will produce a reaction (change of 
colour or emission of light) that can be quantified, giving us the amount of antigen 
present in a certain sample (Allen et al., 1986).
ELISA is a low cost test of simple automation, and can provide quantification of the 
antigen and therefore virus, present in a certain sample. Besides the problems with poor 
specificity when using antibodies in honey bee virology, it is also impossible to 
investigate multiple targets at the same time, and the chance of creating false positives 
during the washing step by spilling part of the un-bonded antigen of a positive sample in 
a well containing a negative sample.
1.9.2 Molecular biology
The advent of the molecular biology age partially solved the problem encountered using 
serology based approach for honey bee virus detection. Molecular techniques tend to be 
more sensitive and specific than serology based methods. These techniques are not 
problem free as the variability of RNA viruses can lead to false negatives, but by 
targeting different assays to different parts of the genome we can overcome this 
problem. A limiting point for these techniques is the availability of reference sequences 
deposited in the on-line databases, but in the last few years many sequences of honey 
bee viruses have been deposited.
There are many molecular techniques available now, some of them allow us to do a 
multi-target screening (e.g microarrays or multiplex PCR formats) and some of them are 
based on a non-targeted approach that means that we need no a priori knowledge of the 
pathogen that we are investigating (pyrophosphate-based sequencing techniques).
The variety of molecular techniques available is massive. Whilst a detailed report of all 
the available molecular methods is beyond the scope of this thesis, a description of the 
most commonly used methods for the detection of honey bee viruses is provided.
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1.9 2.1 Reverse Transcriptase PCR (rt-PCR)
rt-PCR is a variant of the polymerase chain reaction (PCR), that allows us to generate 
many copies of complementary DNA (cDNA) starting from viral RNA. The RNA is 
firstly reverse transcribed using reverse transcriptase into cDNA that can then be 
amplified using the traditional PCR. For the PCR reaction we need to design two 
primers (named for convention Forward and Reverse) that can anneal to a specific point 
in the viral genome. In this way the DNA polymerase can amplify the sequence 
included between the primers. A cycle is composed by three phases: dénaturation (the 
double stranded DNA unfolds to a single strand), annealing (the primers bind the target 
sequence) and elongation (the DNA polymerase adds the complementary bases to the 
target sequence). Repeating this cycle many times gives an amplification of the target 
sequence. The results are analysed using the electrophoresis on agarose gel.
Due to its propriety (sensitivity, accuracy, cost-effectiveness, rapidity of execution, 
repeatability, and reproducibility), rt-PCR and PCR are the diagnostic tests of choice in 
many laboratories working on honey bee viruses (Evans and Hungh, 2000; Benjeddou 
et al., 2001; Grabensteiner et al., 2001; Ribière et al., 2002; Ongus et al., 2004; 
Tentcheva et al., 2004a,b; Antunez et al., 2006; Berenyi et al., 2006; Chantawanakul et 
al., 2006; Siede and Büchler, 2006; Yue and Genersch, 2006;. Cox-Foster et al., 2007) 
The principal limit of rt-PCR, when used to investigate RNA viruses, is on the high 
variability of the viral genome itself. Replication of the genome of RNA viruses incurs 
many errors. This leads to many mutations within the RNA genome and, when this 
happens in the area the primers should anneal, reaction would fail. The only solution to 
this problem is to check the Genbank database frequently and re-design the primers on 
an area of consensus between all the sequences deposited. It is easy to understand how 
important is to deposit all the sequences found for progress in research on RNA viruses.
1.9.2.2 Real Time rt-PCR (rt-PCR)
This is a technique based on the classical rt-PCR, The difference is that the 
amplification process is followed in real time and we do not need to wait until the end 
of the process in order to know the result. Real Time rt-PCR is possible using a double­
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stranded DNA dye such as SYBR Green or a specific probe designed between the 
forward and the reverse primer. The use of the double-stranded DNA dye has the limit 
that it is nut sequence specific, so it can bind to any PCR product, leading to possible 
false detection. The use of fluorescent probes that can bind only to a specific sequence, 
guarantees the specificity of the result. The probe is composed of a fluorescent reporter 
at one end and a fluorescence quencher on the other end. As they are very close, the 
quencher, inhibits the detection of the fluorescence whilst the probe is intact, but when 
the Taq polymerase breaks the probe, the quencher and the fluorescent reporter are no 
longer close and the fluorescence can be detected by a laser. The result of the reaction 
can be visualized on a computer connected to the thermbcycler. The result is expressed 
as cycle threshold (Ct) which is the point at which the change in florescence crosses an 
arbitrary threshold line.
This technique is thousands of times more sensitive than the classical rt-PCR , very 
quick, highly automated and it can allow the quantification of the viral load in the 
samples (Haiju et al., 2005; Ward et a/.,2004). It is the ideal technique to use for mass 
screening of samples, but unfortunately the products obtained are usually only of few 
hundred (100-200) bp, so it is not the best technique to use if we need to characterize 
our viruses by sequencing.
1.9.2.3 Microarrays
Microarrays technology involves the use of hundreds of molecular probes, bound in a 
solid, grid-like array, are tested simultaneously by hybridisating the target sequences. 
The target sequences are labelled with a fluorescent substance (e.g. SYBR-green) and if 
the sequence hybridise with the specific probe a fluorescence can be detected in the 
position of the array where the reaction happened.
Diagnostics are moving away from a single organism detection to a survey on the 
interaction between pathogen and host (de Miranda in Virology and Honey Bee, 2008). 
The availability of fhll nuclear and mitochondrial genome of the honey bee and its 
major pests and pathogens (e.g. Varroa destructor and Paenibacillus larvae) and the 
future development of the relative microarrays probe, could allow us to study the
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interaction between host genetic susceptibility and viral diseases (Crozier and Crozier, 
1993; Evans and Lopez, 2002; Evans, 2006; Qin et al., 2006).
The major drawback of micruarrays technology is the cost due to the single use that can 
be done of the array itself However, part of the cost is recovered considering that a 
multiplexing analysis can replace many single-sequence tests for different targets.
1.9.2.4 Sanger sequencing
Using sequencing we are able to identify the sequence of our viral sample generated 
using rt-PCR. One of the most used sequencing methods is the Sanger method, 
sometimes referred to as the chain termination method. This method provides sequence 
infomation up to 1000 bp. To obtain the sequence in the reaction mix we need a 
template, the primer that generate it, the dNTPs (deoxinucleotides), the DNA 
polymerases and four differently labelled chain terminators ddNTPs 
(dideoxyinucleotides) at low concentration. The DNA polymerase incorporates the 
dNTPs until a ddNTP is randomly incorporated in the sequence, stopping the reaction. 
In this way we will obtain a pool of sequences that will differ only in length. The 
products are then subjected to capillary electrophoresis so the shorter sequences will 
pass through a sensor that can detect the four different labels of the ddNTPs. The sensor 
sends a signal to a computer that keeps record of the nucleotide order passed through 
the sensor and at the end of the process generates the electropherogram.
Nowadays, it is possible to run up to 384 samples simultaneously, for a cost of about £4 
each. For this reason we can consider it not only as a research tool but also as a 
diagnostic tool. In fact, discovery of a large piece of genetic code (500-1000 bp) gives 
us good proof of the presence of a specific pathogen in the sample.
The limit of this technique is on the length of the sequence obtained no longer than 
1000 bp. When we have a sequence longer than 1000 bp we can overcome the problem 
by redesigning the primers using the results of the initial sequencing.
1.9.2.5 Pyrosequencing
Pyrosequencing is a sequencing method based on the detection of pyrophosphate 
released when a nucleotide is incorporated by the DNA polymerase. The technique was 
developed in 1996 by Pâl Nyrén and Mostafa Ronaghi (Ronaghi, 2001). It is based on
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the “sequencing by synthesis” principle, that means that the complementary nucleotides 
added are incorporated in the growing sequence using the sample to be investigate as a 
template. The reaction involves the use of four enzymes (DNA polymerase, Sulfurylase, 
Luciferase and Apyrase) and a substrate (adenosine 5' phosposulfate (APS)). The 
dNTPs are added singularly and, if they are incorporated by the DNA polymerase in the 
growing sequence, a molecule of pyrophospate (PPi) is released (one for each 
nucleotide incorporated). At this point the enzyme Sulfurylase, using the substrate APS, 
converts the PPi in adenosine triphosphate (ATP). The Luciferase, using the ATP, 
converts the Luciferin in Oxyluciferin and this generates light that is detectable by the 
pyrosequencer and converts the amount of light generated (proportional. to the 
nucleotide incorporated) into data that are presented as a pyrogram. The fourth enzyme 
(Apyrase) degrades the unincorporated nucleotides before adding a new nucleotide.
This technique has many advantages, it is possible to automate, does not require specific 
primers to work allowing the metagenomic research by generating a huge amount of 
reads coming from any genetic code present in the sample analysed, using appropriate 
precaution (e.g. virus purification) and dedicated software for the contigs generation it 
allows us to sequence full genomes in one run. The only downside to this techniques is 
the price (currently about one thousand pounds per reaction).
1.10 Aims of this research
The main aim of this research was to study the epidemiology (distribution and 
prevalence) of honey bee viruses in England and Wales. In this research Real Time RT- 
PCR was used to investigate the presence of eight viruses in adult honey bee samples 
from across the country.
The viruses that were investigated were: Sacbrood Virus (SBV), Deformed Wing Virus 
(DWV), Chronic Bee Paralysis Virus (CBPV), Acute Bee Paralysis Virus (ABPV), 
Kashmir Bee Virus (KBV), Israeli Acute Paralysis Virus (lAPV), Black Queen Cell 
Virus (BQCV) and Slow bee Paralysis Virus (SBPV). These viruses were selected 
because of their widespread distribution and/or they demonstrate a clear pathogenic 
effect on the honey bee.
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The second aim was to investigate the relationships between similar viruses identified in 
different regions of England and Wales using classical rt-PCR followed by Sanger 
sequence analysis or pyrosequencing.
The objectives of the project were to:
? Design an extensive sampling plan that could give a statistically representative
snapshot of the prevalence and the distribution of the viruses in England and 
Wales.
• Set up a viral RNA extraction method that could lead to the isolation of RNA of 
rare viruses (e.g. KBV or SBPV).
• Analyse all the samples for each virus by the Real Time rt-PCR.
• Calculate the prevalence and the distribution of the viruses found using
Geographical Information Systems (GIS) tools.
• Characterise a percentage of samples using classic rt-PCR followed by 
sequencing or using pyrosequencing.
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2 General materials and methods
Specific methods used in a particular study are described in the appropriate subsequent 
chapters. Recipes for standard buffers, solutions and media can be found in appendix I.
2.1 Virus propagation in white-eyed pupae
Virus propagation in white-eyed pupae is a common technique used in honey bee 
virology to amplify the viruses, study their pathogenic effects on pupae or to produce 
antibodies (Bailey et al., 1963). At the moment, due to the lack of honey bee cell 
cultures, it is the only technique available to achieve these goals. This technique 
involves injecting a small volume of purified virus or crude honey bee extract between 
the integuments (external pupae layer) of honey bee pupae that are at the developing 
stage, named the “white-eyed”stage (Bailey et al., 1963, 1976, 1979; Bailey and 
Fernando, 1972; Anderson and Gibbs 1988, 1989; Chen et al., 2005b; Tentcheva et al., 
2006a; de Miranda et al., 2010a).
First, the work surface was cleaned with 70% ethanol and then with 1% Virkon® 
(DuPont), in order to reduce the possibility of contamination. All the instruments used 
were cleaned in the same way and rinsed in sterile water or sterilized by flaming. Three 
petri dishes lined with filter paper were used as a sterile container for three groups of 
larvae; uninjected, injected with Ringer's solution and injected with virus or crude 
extract. The filter paper, sprayed with sterile water, keeps the larvae in a humid 
environment to avoid drying-out in the incubator.
The larvae were taken from a honey bee brood frame, uncapping the sealed cells and 
looking for larvae that have the white eyes (or light yellow) and discarding the larvae 
with pink, purple or black eyes.
Fifteen white-eyed pupae (five per group) were gently removed with surgical pliers 
from the cell and placed in the three petri dishes; five of them were uninjected, five of 
them were injected with Ringer's solution and the last five with virus/crude extract.
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The injections were made between the rudimental wings with an insulin syringe, 
injecting the smallest possible amount of virus/crude extract. The needle did not have 
. to be inserted too mueh, a simple touch of the needle was sufficient.
The larvae were then placed in the incubator at 30°C for five days. Each day the eyes 
of the larvae were observed to check the natural change of colour (pink, purple, black) 
demonstrating normal larval development. When the larvae died (or in any case at the 
end of the fifth day) the viruses were purified or the total RNA directly extracted from 
them using the method described in paragraph 2.2 or the RNeasy kit (Quiagen, 
Crawley, UK).
2.2 Total RNA extraction using GITC, paramagnetic beads 
and a Kingfisher ML® Total Nucleic Acid (TNA) extraction 
machine
Sample preparation and grinding: The honey bees were collected into 70% ethanol 
by FERA Bee Inspectors. Upon arrival at the laboratory, samples were placed at 4°C 
until required. When required, honey bees were rolled on a tissue to remove as much 
excess ethanol as possible and placed in long imiversal extraction bags (Bioreba) 
containing GITC buffer (recipe reported in appendix I) (1 bee : 1ml of buffer). Each 
samples was finely ground using a hand grinder to macerate the bees. An aliquot of the 
macerated samples was placed into eppendorf tubes and centrifuged at 6,000 rpm for 2 
minutes to pellet the honey bee debris and to produce a clear lysate ready for extraction. 
Extraction: This extraction method was based on the use of silica-coated magnetic 
particles (Promega Paramagnetic Particles part no. MD1441). Total nucleic acids 
(TNA) rapidly become bound to the silica surface of the paramagnetic particles and are 
purified as they passed through a series of washing buffers. At the end of the process 
TNA were eluted into molecular biology grade water. These steps were run using a 
Kingfisher ML® TNA extraction machine that, having electro-magnetic spikes, can 
move the paramagnetic partiçlçs trough the different washing buffers, by attracting and 
releasing them in different wells following a pre-set protocol.
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For 1 ml of the clear lysate, 60 pi of paramagnetic particles were placed in the first of 
the five single-use wells of the Kingfisher ML® TNA extraction machine; in the second 
well 1 ml of GITC buffer, in the third and fourth wells 1 ml of 70% Ethanol and in the 
fifth well 200 pi of MQ water. The RNA extraction program of the Kingfisher was used 
to pass, the paramagnetic particles through the wells stopping prior to the fifth well. At 
this point the tray inside the Kingfisher machine was heated at 65 “C for 10 minutes. 
This, operation helped TNA to be freed from the paramagnetic particles and allowed the 
residual ethanol to evaporate. The tray was placed back in the Kingfisher machine to 
collect the paramagnetic particles from the water and discard them in the first well, 
leaving the TNA diluted in water in the fifth well.
2.3 Agarose gel electrophoresis
In order to confirm successful PCR reactions, agarose gel electrophoresis was 
performed with 5 pi of the PCR product. A DNA ladder (5 pi) (GeneRuler™ 100 bp 
100-1000 bp DNA Ladder, Fermentas or alternatively lOObp DNA Ladder 100-1500 bp, 
Promega) was also loaded. The gel was run at 150V, 250mA for about 30 minutes and 
the results analysed and photographed by an UVI TEC BTS-20.M.
2.4 Gel extraction / purification of PCR products
The rt-PCR products were purified using the QIAquick® PCR purification kit following 
the manufacturer's instructions. Alternatively, gel extraction of the DNA was performed 
using the QIAquick® gel extraction kit following the manufacturer's instructions.
2.5 Concentration of PCR products
Double the volume of absolute ethanol and 1/10 of the volume of 3M Sodium Acetate 
was added to the PCR product. The tubes were incubate at -80°C for 2 hours and then 
centrifuged at 13,000 rpm for 10 minutes, discarding the resulting supernatant. The 
pellet was washed with 70% ethanol, centrifuged again at maximum speed for 10 
minutes and the supernatant discarded again. The tubes were incubated open in a
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heating block at 37°C, allowing the residual ethanol to evaporate. The pellet was re­
suspended in a 20 ul of sterile MQ water and analysed by agarose gel electrophoresis.
2.6 Virus purification in sucrose gradients
This method was used to obtain viruses, starting from 120 honey bees. As the process 
takes more than one working day, the method was split in two steps.
Step 1 (virus precipitation): In a polyvinyl bottle 120 honey bees and 8 stainless steel 
grinding balls (3 cm of diameter) were added. The honey bees were frozen by pouring 
liquid nitrogen directly onto them. When the liquid nitrogen was completely evaporated, 
the bottle was closed and shaken in a paint mixer at maximum speed for 1 minute. 
Phosphate buffer (81 ml, pH 6.7) and 9 ml Diethyldithiocarbamic acid (DIECA; 20 
mM) were added, shaking manually for 30 seconds. The contents of the bottle were 
aliquoted in three Falcon tubes and a 1:1 solution of Butan-2-ol/Chloroform (15 ml) 
added. The Falcon tubes were placed in a horizontal position on an orbital shaker for 30 
minutes at medium speed and after this time were centrifuged for 10 minutes at 6000 
rpm. The aqueous supernatant was carefully transferred to an ultracentrifuge tube and 
centrifuged at 28,000 rpm for 3 hours at 4°C. The liquid in the ultracentrifuge tube was 
discarded, the pellet re-suspended in 1.5 ml of phosphate buffer and transferred into a 2 
ml eppendorf tube. At this stage the sample was stored at -80°C (Bailey and Woods, 
1974).
Step 2 (viruses separation): Sucrose gradients were formed by gently adding 0.5 ml 
40%, 1 ml 30%, 1 ml 20% and 1 ml 10% sucrose solutions in a transparent 5 ml 
ultracentrifuge tube. The precipitated viruses obtained in the step 1 were then added 
(250 pi) and centrifuged at 30,000 rpm for 4 hours at 4°C. By bending the needle of a 
syringe giving it an angle of about 60°, the bands that formed were aspirated using one 
syringe for each band to avoid contamination. In order to clean up the virus preparation 
from the sucrose, the samples were put in a 5 ml ultracentrifuge tube, filled with 
phosphate buffer, and centrifuged again at 30,000 rpm for 4 hours at 4°C. The liquid 
was discarded and the pellet re-suspended in 250 pi of phosphate buffer. The purified 
viruses were stored at -80°C.
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2.7 Transmission electron microscopy (TËM)
In order to set up an electron microscope grid for the TEM, 10 ul of purified virus were 
dropped onto a piece of parafllm and a uniform black, copper carbon-coated grid and 
was placed face down (black side down) on the drop. After 10 minutes the grid was 
drained using absorbent paper, washed with 15 drops of sterile HPLC water and stained 
using 5 drops of uranil acetate in a 2% aqueous solution, allowing the drops to drain 
from the grid and waiting 30 seconds. The grid was drained again with absorbent paper 
and samples analysed using a Philips CM 100 transmission electron microscope.
2.8 Honey bees sampling plan
In England and Wales there are 14,867 registered beekeepers that run circa 200,000 
hives. In order to ensure a 95% probability of detection for a disease with a prevalence 
level of 2.5% ,119 samples were required as shown inTable 2.1 (developed from FERA 
statisticians using the calculation reported in section 2.8.2).The assumptions made were 
that my test had a hypothetical 100% sensitivity, one hive was considered as an 
individual super-organism and one apiary was considered as one epidemiological unit 
because it is subject to the same environmental variables (e.g. temperature, humidity, 
dominant winds), is usually run by the same beekeeper (that use the same beekeeping 
instruments for all the hive of the apiary allowing the diseases to spread), and the 
drifting phenomenon is more frequent because the hives are close each other (Cordoni 
and Spagnuolo, 2007).
We aimed to resolve a prevalence of 2.5% as more than sufficient sensitivity since 
previous surveys have indicated that the lowest prevalence detected was well in excess 
of this value (17% for KBV in France) (Tentcheva et al., 2004b) All the other viruses 
were found at higlier prevalence in different studies and in different countries 
(Tentcheva et al., 2004 France; Nielsen et al, 2008 Denmark; Baker and Shoroeder, 
2008 Devon (U.K.); Forgach et al, 2008 Hungary; Berenyi et al, 2006 Austria; Sanpa 
et al, 2009 Thailand; Teixeira et al, 2008 Brazil)
However, data on UK prevalence were not available and thus the survey was designed 
to include a safety margin should UK viruses be present at lower prevalence.
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2.8.1 Sampling Protocol
Each sample was composed of three sub-samples collected from three different hives in 
the same apiary. Each sub-sample was composed of 119 bees in 70% ethanol. As up to 
20% of the bees in a hive may be subject to the drifting phenomenon (Peter Neumann 
(Swiss Bee Research Centre) and Mike Brown (FERA), personal communication), it 
was not necessary to sample every hive in an apiary and the protocol designed provided 
us with sufficient sensitivity to detect infections present in any hive by sampling only a 
few. For the same reason it was possible to pool the three sub-samples in order to study 
the apiary prevalence instead of the hive prevalence in order to have a better idea of the 
distribution of the viruses in specific areas.
For the purposes of honey bee inspection, FERA has divided England and Wales into 
eight administrative regions as shown in Figure 2.2. Each region has been assigned 4-8 
bee inspectors. In total, 40 bee inspectors were recruited to collect samples for the study 
from their areas. Inspectors usually visit apiaries between March -October following a 
list of priorities based on the risk of foulbrood occurring. Since we were using a system 
that is driven primarily by the need to sample and detect bacterial infections, it was not 
possible to ensure that samples were evenly distributed across the country.
Due to the frequent sub-clinical nature of honey bee virus infections and because the 
aim of the research was to study the prevalence (number of infected/population and not 
number of diseased/population), the bee inspectors were asked to choose the hives to 
sample before opening them, so that sample collection was not biased by perceived 
presence of symptoms or abnormalities. Symptoms were noted after opening the hive 
and the sample itself was recorded along with any signs of abnormality on the form 
R4LY reported in Figure 2.3.
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Required probability of detection:) 95%
Minimum Detectable Prevalence. .
Population 50% 20% 15% 10% 7.5% 5% 4% 2.5% 1% 0.9% 0.8% 0.5% 0.1%
5 4 5 5 5 5 5 5 5 5 5 5 5 5
10 4 8 10 10 10 10 10 10 10 10 10 10 10
15 5 9 12 15 15 15 15 15 15 15 15 15 15
20 5 10 13 16 19 19 19 19 19 19 19 19 19
25 5 11 16 20 24 24 24 24 24 24 24 24 24
30 5 11 16 19 23 29 29 29 29 29 29 29 29
40 5 12 15 21 25 31 38 38 38 38 38 38 38
50 5 12 17 22 31 39 39 48 48 48 48 48 48
60 5 13 16 23 31 38 47 57 57 57 57 57 57
70 5 13 17 24 31 44 54 67 67 67 67 67 67
80 5 13 17 24 31 42 50 62 76 76 76 76 76
90 5 13 18 25 35 47 57 70 86 86 86 86 86
100 5 13 17 25 34 45 52 78 95 95 95 95 95
120 5 13 18 26 33 47 63 76 114 114 114 114 114
140 5 13 18 26 36 48 63 88 133 133 133 133 133
160 5 13 18 27 35 49 62 84 152 152 152 152 152
180 5 13 18 27 36 50 62 95 171 171 171 171 171
200 5 14 18 27 35 51 62 90 155 190 190 190 190
225 5 14 19 28 38 53 63 101 175 175 214 214 214
250 5 14 19 27 38 55 64 98 194 194 194 238 238
275 5 14 18 28 37 56 65 106 214 214 214 262 262
300 5 14 18 28 37 54 66 104 189 233 233 285 285
350 5 14 19 28 37 56 67 109 221 221 272 333 333
400 5 14 19 28 37 55 68 103 211 253 253 311 380
450 5 14 19 28 38 56 68 107 237 237 284 349 428
500 5 14 19 28 38 56 69 110 225 263 263 388 475
600 5 14 19 28 38 56 70 108 235 270 316 379 570
1,000 5 14 19 29 38 57 71 112 258 282 312 450 950
i,œo 5 14 19 29 39 58 72 116 271 308 331 522 1425
2,000 5 14 19 29 39 58 73 115 277 306 341 517 1553
3,000 5 14 19 29 39 58 73 117 284 314 351 542 1895
4,000 5 14 19 29 39 58 73 117 288 318 357 556 2108
5,000 5 14 19 29 39 59 73 117 290 321 360 584 2253
7,500 5 14 19 29 39 59 74 118 293 327 364 582 2611
10,000 5 14 19 29 39 59 74 118 294 326 367 581 2588
15,000 5 14 19 29 39 59 74 118 296 328 369 586 2715
25,000 5 14 19 29 39 59 74 119 297 330 371 591 2822
50,000 5 14 19 29 39 59 74 119 298 331 372 595 2907
100,000 5 14 19 23 39 59 74 119 298 331 373 596 2950
Infinite 5 14 19 29 39 59 74 119 299 332 373 598 2995
Fig. 2.1: Sampling table used for the calculation of the amount of 
samples that have to be collected in England and Wales: This table 
was generate by FERA statisticians. In the first column is reported the 
number of apiaries to be sampled. Choosing a required probability of 
detection of 95% and a detectable prevalence of 2.5%, and considering 
the number of apiaries (14,867) or hives (200,000) the number of 
samples that have to be collected did not change (118-119). This is 
because the number of samples to be collected increase on a logarithmic 
scale, so tending the population (number of apiary/hives) to the 
asymptote (infinite) the number of samples does not increase anymore.
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K a tNational Bee Unit Bee Health Inspection Service
Administrative Regions : England & Wales
ORTHER
Vi/ESTER
Figure 2.2: DEFRA Administrative Regions of England and Wales. The
territory has been divided into eight regions to assure a constant presence of 
Bee Inspectors all over the Country (from FERA images repository).
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R4LY 2008 flgpjatJtjts viruses Field Data Sheet 
Apiary information
Apiuyrame Bee keeper D (NBUIWNW
Stores information
Colony number
(No ofcomba)
Horteyétand 
, (No Q^comba)
Presence/absence of symptoms (write coiony number in appropriate boxe^
lio unusual symptoms observed
Behaviour WbW Exterior Intestinal OttMT
Tnmbtirtgbooa Dofomedwinoa àlacKDeea IB ?
Abdoman
SssUmi
Crswtir>Qb09a K wioQa SAXmybeee Dyaarioiy BiacNdarX 
quaan cotta
AgsreaaNo booa Wi^oibbSog Hakfeaaboaa
Other additional cymptsmo
Inspection information
Dote coBecteft 
Inspector (print name):
Inspector (sl{p»ture):
ItaYSUlMlMPMBCDa^
Fig 2 J :  form R4LY:Xhe Bee Inspectors were required to complete this form. Be­
sides administrative data such us the apiary name, the beekeeper ID and the date of  
collection, they also reported the general condition o f the hive (pollen and honey 
stores) and any described honey bee virus symptoms. The option “No unusual 
symptoms observed” and “other additional symptoms” gave the bee inspectors the 
freedom to communicate to us symptoms not previously reported in the literature.
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2.8.2 Sample sbce calculation
The problem was to define a sample size setting a probability of detection of 95% and 
an expected prevalence of 2.5% having a very large population (over 50,000) of 
bees/hives/apiary to test. The sample size calculation was obtained as following:
We will define:
Prevalence to be detected = X
Required probability of detection = 0.95
Minimum sample size required = n (to be calculated)
As the number of honey bees, hives and apiaries are all very large we could assume that 
we are in presence of an infinite population.
Thus:
if the required probability P to detect at least a positive in n is > 0.95 
P>0.95
is also true that P that there is no positive in n is < 0.05.
P<0.05
Since we have an infinite population, for each individual, we have:
P (negative) = 1 -X,
Hence:
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p (no positive in n)= (1-1 )“
So wc want;
(1-1 )" <0.05 -► n-ln(l-l) < 0.05.
So the number of sample that we have to collect will be: 
n > In 0.05 / In (1-1)
If 1 = 0.975 (1-0.025) then the number of samples that need to be collected is 119.
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3 A viral RNA extraction method to 
detect low prevalence viruses
Introduction
Surveys on the occurrence of honey bee viruses have been completed in many countries 
including France (Tentcheva et al., 2004b), United Kingdom (Chantawannakul et al., 
2006; Baker & Schroeder, 2008), Austria (Berenyi et al., 2006), United States (Chen et 
al., 2005a), Uruguay (Antunez et al., 2006) and Thailand (Sanpa & Chantawannakul, 
2009). Each survey was completed using different methods for direct RNA extraction 
from honey bee material. The direct extraction from honey bee material has the 
disadvantage of being volumetrically limited as the maximum volume that can be 
processed range between 0.35 to 5 ml depending to the extraction method used, causing 
corresponding limits in the number of individual bees included in each RNA 
preparation. All reported surveys to date have analysed a limited number of honey bees, 
from 5 to 30, which may not be a true representation of the colony, which can contain 
on average 50,000 individuals. Such sampling is also unlikely to detect viruses of low 
prevalence (Tentcheva et al., 2004; Nielsen et al, 2008; Baker and Shoroeder, 2008; 
Forgach et al, 2008; Berenyi et al, 2006; Chantawannakul et a l, 2006; Sanpa et al, 
2009; Teixeira et al, 2008). As seen before, honey bee viruses can remain in the honey 
bee population at a very low titre giving wise to sub-clinical symptoms, but when they 
are triggered (and amplified) by other factors such as Varroa mite infestation, it may 
lead the colony to collapse. For these reasons it was important that my survey was able 
do detect viruses at low-levels of prevalence at hive and apiary level; for this reason the 
RNA extraction method in use at FERA, with its intrinsic limitations, was not suitable 
for my survey. What were needed was to test a statistically representative number of 
bees for honey bee viruses and not just extract total nucleic acids from a limited amount 
of bees. In fact the use of RNA extraction methods based on GITC and paramagnetic 
particles is not RNA specific being the particles able to bind protein and DNA. In this 
way if it was decided to use the FERA method I would have to share the extraction
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potential of the method between all the RNAs and DNAs and proteins present in the 
samples (bees, parasites, bacteria, fungi and viruses). Therefore,, a possible solution to 
this problem was to concentrate the viruses present in a large amount of honey bees 
before RNA extraction. In order to check the efficiency of this approach I needed to 
compare my new method with the method currently in use at FERA on a large amount 
of honey bees, being sure that a virus at a known titre was present in the sample.
The current method was also concerning due to the use of paramagnetic particles. As 
stated before, in the manufacturer's instructions they specify that the paramagnetic 
particles are not specific for RNA, but they also bind DNA and proteins. The 
hypothesis was that the paramagnetic particles binding sites can be quickly saturated by 
the most prevalent materials in the samples (honey bee DNA, RNA and proteins) 
making viral RNA extraction inefficient particularly for viruses present at low 
concentration in the sample as, for the limited number of RNA copies present in the 
sample they have less chance to be bind to the paramagnetic particles. In order to test 
this hypothesis multiple serial extractions of the same sample were carried out as 
described later in this chapter.
Material and methods
3.1 Comparison of FERA total nucleic acid extraction method with 
new RNA extraction method.
In order to have samples containing a virus surely not naturally present in the honey
bees, distinguishable at T.E.M. fi*om the other honey bee viruses and present at a known
CT level, I precipitated Pepino Mosaic Virus (PepMV) from five leaves of
experimentally infected tomato plants. To experimentally infect the tomato plants, five
leaves of an infected plant (PepMV confirmed by Real-Time rt-PCR at FERA
laboratories) were ground in liquid nitrogen, macerated in Phosphate Buffer (pH 7.5;
IM) and brushed on the leaves of a healthy tomato plant. The plant was kept in an air-
filtered glasshouse at 18-20°C for a week. After this period the plant started to show
symptoms of infection. Five leaves of this infected plant were processed using the
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method described in Chapter 2, section 2.6. The presence of PepMV was confirmed 
using T.E.M. (section 2.7) and the Real Time rt-PCR (using primers PepMV 313 F 
TGGGTCAAGAAAGTGGAAAAATTAG; PepMV 383 R
TGCATGAAAGCTGCAATGGT; PepMV 339 Pe
TGCTGTCAAGTCAAAGCCTGGCCA). Real Time rt-PCR probes were amended 
with 6-carboxyfluorescin (FAM) as the 5' terminal reporter and with tetra- 
methylcarboxyrhodamine (TAMRA) as the 3' quencher. The conditions used for the 
Real-Time rt-PCR reaction (25 pi) were: primer F and R (7.5 pmol/pl; 1 pi each)p, 
probe 0.5 pi, 2.5 pi Buffer A (Applied Biosystems), 5.5 pi MgCL, 2 pi dNTPs, 0.125 pi 
MMLV (fermentas) (1:125), 0.125 pi Gold TAQ, 11.25 pi water, 1 pi template. The 
reaction was carried out in a 7900 HT Fast Real Time PCR System (Applied 
Biosystems). The reaction parameters used were; rt step 48°C for 30 min followed by a 
dénaturation step at 95°Cj for 10 min, followed by 40 cycles of dénaturation 95 °C for 
10 sec and a combined annealing and extension of 60°C for 60 sec. This is the standard 
Real Time rt-PCR protocol in use at FERA and all the Real Time rt-PCR reactions 
described in this thesis followed this protocol.
In order to simulate the presence of a virus at high, medium and low titre, I performed 
three serial dilutions of the concentrated virus and tested them again using Real Time rt- 
PCR.
A sample composed of 720 adult honey bees was collected from a single hive of the 
FERA apiary. The honey bees were frozen in liquid nitrogen and ground using a 
sterilized pestle and mortar. The honey bee powder obtained was weighted (78 g) and 
aliquoted (13 g) in six polyvinyl sterile bottles (1 A, IB, 1C; 2A, 2B, 2C). I spiked 120pl 
of the neat, 1:10 and 1:100 solutions of PepMV obtained respectively in the lA and 2A, 
IB and 2B, 1C and 2C bottles.
GITC buffer (120 ml) were added to the bottles 1A,1B and 1C and left to macerate for 
20 minutes on an orbital shaker. From each of these three bottles two aliquots of 1 ml 
and two aliquots of 350 pi were taken. The TNA from the 1ml aliquots was obtained 
using the method described in section 2-2. The 350ul aliquots were centrifuged at 6000
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RPM for 2 minutes and the RNA was extracted using the RNeasy kit (Qiagen) 
following the manufacturer's protocol.
Alternatively, in each of the bottles 2A, 2B, 2C was added 111 ml of phosphate buffer 
(pH 6.7) and 9 ml of DIECA. The viruses were precipitated using the method described 
in section 2.6. The pellet was re-suspended in 2 ml of phosphate buffer and two aliquots 
of 250 pi and two aliquots of 350 ul were taken from each bottle. The two 250 pi 
aliquots were processed using the method described in described in section 2.2 and the 
two 350 pi aliquots were processed using the kit RNeasy (Qiagen) following the 
manufacturer's protocol.
All the aliquots were analysed using Real Time rt-PCR for PepMV and BQCV (using 
the primers BQCV 8195F GGTGCGGGAGATGATATGGA; BQCV 8265R 
GCCGTCTGAGATGCATGAATAC; BQCV 8217P
TTCCATCTTTATCGGTACGCCGCC).
3.2 Serial RNA extractions using Kingfisher ML TNA extraction 
machine.
From the bottle lA, six aliquots of I ml (named AJB,C,D,E,F) were taken. The six 
samples were processed using the method described in section 2.2. When the Kingfisher 
ML TNA extraction ended , the contents left in the first well (original sample) were 
processed again four times using new wells, new reagents and new paramagnetic 
particles. The amount of TNA obtained from each serial extraction of each aliquot was 
measured using a Nanodrop quantification machine.
Results
3.3 PepMV T.E.M and Real Time rt-PCR
The T.E.M. analysis clearly indicated that the precipitation of PepMV, performed in 
order to obtain a non honey bee virus to spike into honey bee samples at a known 
concentration (CT value), was successful. In fact, as it is possible to see in Figure 3.1, 
numerous rod shaped viruses referable to PepMV are clearly distinguishable. The TJE.M
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analysis was also confirmed by the results of the Real Time rt-PCR giving for the neat 
precipitated, the 1:10 and 1:100 dilution respectively a CT value of 14,4,25.4 and 30.4.
3.4 Comparison between GITC method and virus precipitation 
method.
In this experiment the differences in the viral RNA recovery using a direct extraction 
method based on the use of GITC and the new method based on the previous virus 
precipitation before the RNA extraction were compared. Viral RNA was finally 
recovered from aliquots obtained from both extraction methods using two different 
technologies; the paramagnetic particles based method using a Kingfisher MI. TNA 
extraction machine and a column based method (RNeasy kit (Qiagen)).
As 120|il of the neat, 1:10 and 1:100 PepMV obtained were spiked in 120ml of GITC 
or phosphate buffer + DIECA, the dilution of the virus became 1:1000 (neat/120ml), 
1:10000 (1:10/120ml) and 1:100000 (1:100/120ml), simulating a virus present in the 
sample at a medium, low and very low titre (CT value). Only the precipitation method 
coupled with the RNeasy kit RNA extraction was able to detect PepMV giving CT 
values of 19.6 for the 1:1000 , 30 for the 1:10000, but giving a negative result for the 
1:100000 dilution. All the other methods (GITC + paramagnetic particles, GITC + 
Rneasy, virus precipitation + paramagnetic particles) were not able to detect PepMV.
The results of the Real Time rt-PCR for BQCV (12 repetitions) were on average: 
GITC+ paramagnetic particles = CT 27.4, GITC+RNeasy = CT 18.6, 
precipitation+paramagnetic particles = CT 26.4 and precipitation+RNeasy = CT 13.5. 
indicating the neat superiority of the virus precipitation method against the GITC 
method and, regardless the RNA extraction method used, the higher efficiency of the 
column based against the paramagnetic particle RNA purification
3.5 Serial RNA extractions using Kingfisher ML TNA extraction 
machine.
Table 3.3 show the result of the serial extraction using the Kingfisher ML machine.
From the table it is evident that, for all the six aliquots taken from bottle lA, it was
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possible to recover RNA until the fourth serial extraction indicating that the 
paramagnetic particles binding sites can get soon saturated leaving in the sample large 
part of the RNA. Moreover the concentration of RNA, calculated using a nanodrop 
machine, indicated that in the second extraction was recovered the double (about 300 
ng/pl), in the third a comparable (about 130 ng/pl) and in the fourth about half (about 
70 ng/pl) of the amount of RNA obtained in the first extraction (about 160 ng/pl). This 
result indicate that, in first instance, the paramagnetic particles binding sites are 
saturated mainly by the proteins and DNAs present in the sample. Once reduced the 
amount of proteins and DNAs the paramagnetic particles binding sites have more 
chance to bind RNA left in the sample and the efficiency result doubled. Of course not 
all the proteins and DNAs are removed in the first and second extractions, so until the 
fourth extraction is still possible to recover a decent amount of RNA.
This finding resulted in an improvement of the FERA protocol for TNA extraction using 
paramagnetic particles and Kingfisher machine. Now they run fi*om two to four serial 
extractions (depending on the time available and the pathogen searched) and then all the 
resulting aliquots are pulled together before to be analysed.
Discussion
The aim of these experiments was to find a RNA extraction method capable of 
maximising the recovery of viral RNA present even at low concentration in my samples 
regardless the shape and the dimension of the virus (rod shaped (PepMV) and 
icosahedral (BQCV)).
Firstly it was demonstrated that a new method, based on the viruses precipitation with 
subsequent RNA extraction using the RNeasy kit, was able to concentrate and detect 
both rod and icosahedral shaped viruses (PepMV and BQCV) obtained fi-om very 
different matrices (plants and bees). This matrix and virus independence allows the 
method to be used for all cases in which the detection of viruses at low titre is needed in 
human, animal and plant pathology.
The new method, being the only one able to detect low concentrations of PepMV spiked 
in the honey bee samples (1:1000 = CT 19.6; 1:10000 = CT 30) demonstrated its
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superiority against all the other method tested here (GITC+paramagnetic particles; 
GITC+RNeasy; Precipitation^ paramagnetic particles) in the detection of viruses 
present at a very low litre in the sample.
Looking at the CT values obtained for BQCV (GITC+ paramagnetic particles = CT 
27.4, GITC+RNeasy = CT 18.6, precipitation+paramagnetic particles = CT 26.4 and 
precipitation+RNeasy = CT 13.5), and bearing in mind that the CT values are expressed 
on a logarithmic scale, it suggests that the precipitation method followed by RNeasy 
RNA extraction results in the Real Time rt-PCR reaction being 14 logs more sensitive 
than when the same reaction is performed on the same sample extracted using GITC+ 
paramagnetic particles method. This increase in the power of detection is invaluable for 
the study of the prevalence of honey bee viruses that can be present at low titres (for 
example when they cause just sub-clinical symptoms) and at low prevalence (for 
example KBV, SBPV).
The result of the serial extractions on the same sample using the paramagnetic particles 
confirmed that the binding capacity of the paramagnetic particles can get quickly 
saturated by the DNAs and proteins, meaning some of the viral RNA in which we are 
interested is left in the sample. This inefficiency of the paramagnetic particles was also 
noticed in analysing the BQCV data. In fact comparing the RNA extractions with the 
RNeasy extractions using the GITC method there was a 9 log difference (from 27.4 to 
18.6); with the precipitation method there was a 13 log difference (from 26.4 to 13.5). 
From this data it appears clear that the influence of the paramagnetic particles on the 
viral RNA extraction is even more important than the choice between the GITC direct 
extraction method or the precipitation of the viruses prior to the RNA extraction 
suggesting that if the paramagnetic particles have to be chose as RNA extraction method 
because they allow the diagnostic laboratories to use automated procedures (saving 
costs and time) serial extractions are strongly suggested in order to improve the RNA 
recovery. The fact that an important laboratory as FERA modified their protocol after 
this experiment add an additional practical value to the results obtained.
The drawback of the precipitation method followed by RNeasy RNA extraction is that it 
is more time and labour intensive than the GITC + paramagnetic beads method. This
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probably means that it is not suitable for the routinely diagnostics. These results 
strongly suggest that, if the costs are reasonable, should be avoided the RNA extraction 
using the paramagnetic particles in favour of a column based RNA extraction method 
(such as Rneasy), this can be easily speed up in its execution by using a vacuum pump 
instead of the bench centrifuge.
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V,.-
Fxg.3.1: T.E.M. of PepMV (X 34,000): Cluster o f rods(arrows) referable to PepMV obtained 
precipitating the virus &om experimentally infected tomato leaves.
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NEAT 1:10 1:100
14.4 25.4 30.1
Table 3.1: precipitated PepMV serial dilution's CT values 
confirming the presence of PepMV in the samples analysed 
using the T.E.M.
METHOD USED PepMV (1:1000,1:10000, 
1:100000)
BQCV
GITC + paramagnetic particles negative 27.4
GITC + RNeasy negative 18.6
Precipitation + paramagnetic particles negative 26.4
Precipitation +RNeasy 19.6,30, negative 13.5
Table 3.2: CT values of PepMV and BQCV: The PepMV was successfully detected using the viral 
precipitation followed by RNeasy RNA extraction kit for the concentration 1:1000 and 1:10000. The 
BQCV data shows the superiority of the precipitation method when compared with the GITC method and 
the higher efficiency of the column based method (RNeasy) compared to the paramagnetic particles.
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Extractions Aliquot ng/pl
A 165.76
B 156.22
1 C 164.55
D 157.69
E 169.03
F 177.81
A 322.01
B 312.15
2 C 330.43
D 288.28
E 276.49
F 317.72
A 139.9
B 130.02
3 C 122.11
D 144.59
E 148.75
F 134.88
A 75.71
B 83.04
4 C 60.53
D 69.9
E 85.01
F 79.02.00
Table.3.3: Serial RNA extraction using the kingfisher ML TNA 
extractor machine. The first column is the serial extraction number, in 
the second (A to F) the aliquots taken from bottle lA analysed and in 
the third the RNA concentration expressed in ng/pl. At the fourth serial 
extraction it is still possible recover RNA from all the aliquots showing 
that the paramagnetic particles are saturated by proteins and DNAs 
present in the sample leaving RNA in the sample as is possible to 
notice fiom the values of the second, third and fourth serial extraction.
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4 Distribution and prevalence of 
honeybee viruses in UK.
Introduction
Once we had obtained the viral RNA from a statistically representative number of honey 
bees and apiaries (see section 2.8.2), the next step was to find a sensitive, accurate and 
reliable method to screen them for the presence and the prevalence of eight viruses 
(DWV, ABPV, lAPV, BQCV, KBV, SBPV, SBV and CBPV). As the analysis needed to 
be done in duplicate, the number of tests that was required was in total 1920 (120 
samples x 8 viruses in duplicate). Considering the time available for my research, the 
method not only needed characteristics described above, but it also had to be largely 
automated. I achieved this by using the Real Time rt-PCR method and the robotic 
facilities available at FERA-Molecular Technology Unit (MTU) laboratories. Some of 
the assays for honey bee viruses were already available and validated at FERA (DWV, 
BQCV, SBV), other assays needed to be re-designed because they resulted in cross­
reacting (ABPV, KBV, lAPV), and others because they gave negative results with the 
reference sample (CBPV kindly gift from Magali Ribière -AFSSA, France) or with the 
field samples, or because the sequence wais not available on the NCBI database before 
the start of my research (SBPV).
Analysing the results obtained with Real Time rt-PCR, the prevalence of each virus was 
calculated and the distribution visualized using the Geographical Information System 
(CIS) facilities available at FERA.
The R4LY forms, completed by the Bee Inspector, were analysed to find any 
concordance between the symptoms reported and the viruses found in the samples.
Materials and methods
4.1 Primer design
The primers in use at FERA were aligned, using the software BioX, with the sequences 
deposited on the NCBI database to check their ability to detect the virus variants
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deposited and verify that the primers were actually updated to the newer NCBI 
submission. All the primers available at FERA, except ABPV, lAPV, CBPV and SBPV, 
were still able, in silico, to detect all the variants deposited and thus were used in the 
Real Time rt-PCR analysis. The sequences of the primers used is reported in table 4.1, 
and the alignments of the primers with the NCBI deposited sequences are shown in 
figure 4.1.
The ABPV Real Time rt-PCR primers were designed to detect capsid protein sequences 
in position 5423-5537 nt of the genome of the reference strain deposited in the NCBI 
database with the number AF150629. The assay was validated using reference ABPV 
samples kindly donated by Andrea Baker (Marine Biological Association -UK) and 
Norbert Nowotny (Department of Microbiology and Infectious Diseases, Faculty of 
Veterinary Science- Hungary).
The LAPV primers were designed to detect RdRp sequences of the viral genome (6500- 
6571 nt; NCBI number EU 122347). The lAPV assay reacted well with reference 
materials from two independent samples kindly donated by Gustavo Palacios (Center 
for Infection and Immunity, Mailman School of Public Health, Columbia University -  
USA) and Denis Anderson (CSIRO -Australia).
The CBPV primers previously in use at FERA failed to detect a positive sample donated 
by Magali Ribière (AFFSA -France) and gave no positive result in the field samples 
analysed; for this reason a new set of primers to amplify putative RdRp region of the 
virus genome were designed (725-792 nt of the RNA2 of the reference strain 
EU122230).
At the time when the screening was completed only one sequence was available in the 
NCBI database for SBPV and no reference virus was available at FERA laboratories for 
the validation, we designed primers to amplify RdRp region in the position 8383-8456 
nt of the reference sequence (EU035616).
4.2 Real Time rt-PCR analysis.
The samples were prepared for the Real Time rt-PCR using the Hamilton-STAR robot 
available at FERA. Initially, the samples were centrifuged at 3000 RPM for 2 minutes to
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reduce cross-contaminations (by precipitating droplets and aerosol) and diluted 1:10 to 
allow the robot to load l Oul of template, the minimum volume loadable. The master mix 
for each assay was prepared In the dedicated clean room available at FERA using the 
same reagents described in the Chapter 3. In total four 384 wells plates were prepared 
and each sample was loaded twice for each virus. The positive and negative controls for 
each virus were also loaded.
There were two types of negative controls. The first came from the RNA extraction and 
was obtained by loading in the ultracentrifuge tube all the reagents except the honey bee 
material. The aim of this negative control was to check that there was no contamination 
at this stage. The second was a rt-PCR negative control in which water was added 
instead of RNA template. The aim of this negative control was to check that the master 
mix itself was not contaminated.
All the samples were run on the same Real Time machine on the same day to reduce 
environmental and instrumental errors due to the use of four different plates. The Real 
Time rt-PCR cycle followed has been already described in Chapter 3.
4.3 Analysis of the results.
The results for the prevalcnec of each virus were calculated as number of infected 
apiaries (samples)Ztotal number of apiary (samples), considering the number of samples 
representative of the total apiary number in England and Wales as reported in section 
2 .8.
Beside the prevalence of each virus, the multiple viral infections percentage have been 
calculated. The symptoms reported by the bee inspectors were compared with the 
results obtained with the Real Time rt-PCR to verify if the diagnosis by symptoms could 
be a reliable method to detect honey bee virus infections.
For each apiary sampled the National Grid Number was recorded and, by using the 
FERA GIS facilities, a map of the distribution of the viruses was obtained using the 
software ArcGIS (ESRI) in order to search possible geographical patterns in the 
distribution of honey bee viruses.
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VIRUS 3' PRIMER SIZE LOG. REE
DWV F9587
R9711
T9627
CCTGGACAAGGTCTCGGTAGAA
ATTCAGGACCCCACCCAAAT
CATGCTCGAGGATTGGGTCGTCGT
124 Polypr. Chantawannakul 
et ai, 2006
ABPV F5423
R5537
T5451
TAACCAATGAAGTRTCCATAGGAACTA
TCTCCTGCRATAACCTTGGGT
TGTTTATTCCCAAGATTG
112 Polypr. New assay
KBV F83
R161
T109
ACCAGGAAGTATTCCCATGGTAAG
TGGAGCTATGGTTCCGTTCAG
CCGCAGATAACTTAGGACATCAATCACA
78 Str.prot Chantawannakul 
et al., 2006
CBPV F725
R792
T748
CCCTGGCGTTATTTCTCCAA
CGAGAGCAAAGACCGCTGAGG
TCCGAACCATCGAGGATCGCATCC
67 RdRp New assay
SBV F3I1
R380
T331
AAGTTGGAGGCGCGYATTTG
CAAATGTCTTCTTACDAGAAGYAAGGATTG
CGGAGTGGAAAGAT
69 Polypr. Chantawannakul 
et ai, 2006
BQCV F8I95
R8265
T8217
GGTGCGGGAGATGATATGGA
GCCGTCTGAGATGCATGAATAC
TTTCCATCTTTATCGGTACGCCGCC
70 Str.prot Chantawannakul 
et ai, 2006
lAPV F6500
R6571
T6522
TTAGGGTGAGGAGCCTCGGT
TAACTGCCCAGTAYAGCTGTTCC
CAGCCCCACCAAATCCTCTATTGGATA
71 RdRp New assay
SBPV F8383
R84S6
T8407
TGATTGGACTCGGCTTGCTA
CAAAATTTGCATAATCCCCAGTT
CCTGCATGAGGTGGGAGACAACATTG
74 RdRp New assay
Table 4.1: List of primers used in Real Time rt-PCR analysis. The table reports the name o f the virus, 
the name of the primers with the indication o f the point where they anneal to the reference sequence, the 
sequence of the primers, the length o f the Real Time rt-PCR product expected, the area of the genome 
where the sequences are localised and the references.
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Real Time rt-PCR primer alignment
A A A A f ^ A A A A C  T
a a a a C ' I a a a a  
A A A A t  ' * A A A A f r ' ‘ " '
DQ4349n>
A A A A C ' l A A A A
T « C C C
- A A l ^ - - • A A A A C  ~ I a AAADQA34974
A A A A g ’- ^ A A A A C " ' . - ’  
A A A A C 'L A A A A
C C C A
C C C A
| l ' C C .
gT(j r c c
Ç ’ f l î f C Ci’grcc 
t  ■é’I'CCA-'CO
r c c
A A A A C  :  . / . A A A
a a a a C "  L A A A A B ^ A / w î s e  c e eMM3497tW)4979 • C O C A A A A A * * ^ A  A A A C T  ■'- Ç a S A  C C C 
a a a a C t L a a a a c - - ' Ç C S .  c c c  
A A A A * ^ a a a a # * - '  ' C C O  - C C 6 A A  
A A A A l H A A A A P i . -  ' f i à É A E C C
a a a a ^ M a a a a I I »  ' è ç ü  c c c
A A A A t —^ A A A A f « A - f t C S A t C C  
A A A A t — # A A A A 6 ~ /  ' G C » *  E C C 
A A A A C ^ L a A A A C ^ - ' C T C A C C C
A A A A C *  iA A A A # * A ' * C * A C C C
A A A A C  • A A A A * * A ^ e ( t A C C C  
A A A A C  - L a A A A C  - ■ • C G C / ' t C C
A A A A C  L a A A A t » A  f j ^ A C C C  ' ■ S ’fT,-. t c | C
A A A A C  A A A A A B  A *  ÇC-fi: A £  C C A A a j  T T A T T ) j  C 
A A A A C  ' " L a  A A A f f  A CCC /  M '  : A  '  ' 5 ca
CCCA A M A  -  ■■ -  ' î c  A
aO A A A A C T T A A  AAC A A - c  :: G a c C [  A A G C * '  A '  L r, C
C C CA
C C C Ai c c c
1X1434912 C C C A
C C C A
' 1 C C C
O . C C A
T T a T S C C C
0Q4349M r c c c
DQ4349t9
£ j i A A ’ B T T - A  T T . C C C ' -TgCCA
■ 6 ^ :ec'G I • Ëilç.e*pc T T T|AP C|G G lA[c;ej:cj|:c C|-
TlCÇGGjAG
P^ c A
G TG CG GS 
G @ - # C G G G  
G G T g  C 
T s  C ë  G G 
f « C 6  
G  - # e ^ q # A  
G & T g C 6 ^ A  GSf#qÂB#A 
M i T i c
f i f i ' T i r i j
G t
G G C g C  
h f r ' f  C
G % T £ C 6 G
T T T T T C I A  CTTttcCA 
c t t t t c C a | | c t i ^ a  
C T T t t c ( a  
C T T T T C C A  
C T T T T C C A  CTTTTCCA 
C T - T - c C A
c t - t - c c a  
A) t ^  t t  * C C A  
C t t t - c C a
C T T T ’ CCA 
CT -  r Î  C I A  
! c t t t t c * a  
't T t t t c CA 
C - T T T C C A  
:c T T T T c c
C TAŸATSlfAëTrT
T C %  9 3  ■C
T  C  g - 6  *C
csgia AlCGUAlCjSGT A
T C f i G l
P c E f i T
■ C G frL■CGG
CG G
A  P c j y iA r>6G TA
A T Ï Ÿ T t  A
egCCGCCCT@T, 
C g C C G C C C T g l ,
c i c c f l c c c  T G T i  
t | c c f  C C C - S ^ /
C G C C G C C C T » L  Af 
C g C C i C C C - g ' A  
t G C C G C C C T G ' L A  
C G C C G C C C ’- H ’ , 
A M C C G C C C T # - ,  a(gccgccctJ{-,
CG C C l C  C C -  G 
c a c c &c c GT G- ,  ceccgccc'ip A#CgCCgCCCTG"A 
C f i C C j C C C T S “ A'  
C g C C g C C C T g  A# - ^ C 
c g c c f C C C T G T j
C Æ C C j C C C T ^ ; ____c'lfffctg cerffTATTfA
Pc r c
P C  T CT C T C
T GC PC T C
A iCTC
A C TC
A SCTC
A i c % c
C T C A
C G g C
c g g c
C G G C 
C G g C
c g c
c G a ccSSc
C G QC
c S Bc
C 0 g C  
C G G! C 
C G g C  
C G g C  
C G  g C
CSG c; 
#
84
FJ345334
FJ34S331
FJ34S347
FJ34S336
FJ34S33S
FJ34S333
FJ345332
CU122230
c  e #  T G G e # T  T
o c  c I e  c  G-T 1
g C C T # _
B C  C A i c  B c  
B c  c  rame  
B c  c  -  c a c  
B c  c  -  W c  
c  c  c  T G a  c  
c  c  c  Tf i  G c  
B C  c  -  a  c  _  _
B c  C T #  G c G  T I  A 
B C C T f l a C G T ^  BccTGGceiTt 
C G C  TggCÇTccctggcBtIa 
C C C T G q  c  CGC
c  c  o
B C C - G G C G T tccctgccBtI a
C G C  T m #  C # T  t ) A 
B C C T G B C G T  BcctggcBt t|a
; » T  T , :T«#C#Tt , 
: T  0  B  c  «  /  r ,
T c  T c  c  
T c  T c  c  
T T  T’ c  t ;  c  t  
T T G T» c  c  
^  T c  r  c  c  
i P -  T c  T c  B  
T T C i t c B  
g f T C T C B  
T t  t  C t  c B  
F t  t  C t c B  
T T T c  T c  “  
T  r  Tî C T c
T T r  c  ■»; c  B
c  T c  c  
T c  T c  c  
c  T C  c  
T T c  t l C B
fcc
c  c  a  c  -  
c  c  ■  c  A  » c | ç  A
c  c  s  a  A
c  c  G B A
ccifl
P c b S a
H
c  c —B 
c  c  t B  
c  c  Tlq
c  c  T ia
r r
Ê-Tlp T
T r  c  T- c T 
T'C T
r  T c  T c  c  i B  
p T  c  f  c  c  *  c  t  . c c  Ti* 
P  T c  T c  c  f B  
T t? c  T c  c  r c
T ne t e  e t c  c rc c TB c ?  c  c t *  
T T c T c c «B 
T C=t,c c r,- c t  c c ntc TC c tr'
c  T c c re 
T rc T c c T B  
T T-C T C  c T c 
T t C t C C T C  
T T,C t e  c  
T T c te C 
T TjC.TIC CJL
TtVWIBTc]
T  T  l e  T  C  T j C j  
" - “ G c  r . C T r c k  
a  c  T C T c (  
T  T B  c  — c  r  c  G 
c  - - C  T  c i  
-■ T G c  T C  T c E  
-  T g c  f c  T C  G
T -  a c  r  c  T  c f l  
T  T  s  c  T c  T  cM 
T  - B c  T e  T  c “  
T T  G c  r  c  »  c  G, 
T  T i  c  Tt  c  
T T j | c  r  c  T  c  G 
T T G C T ! C T C G  
T  T # C  i c  t e  G
T- T #  c  T! c  5Î c  c  
T  T G c  T  c  T,  c  G 
T  T G c  - q c ' t c l  
T -  G c  Ttc T .c  ■ 
T  T G c  -qc  t  c i
T T j i C T S C T C a  
T  T  a  c  T  c  T. c  ■  
T  T G c  T c  T  c 3
G B  G T »  T
a  c  B r ' c  r
LUILliLItl
‘C
A* '  Q c I a  a  A # A  A AAArqcqAAAiAA
a a a t S c L a a a I a a
T A A A C A A G C
AT— S @ A C C C A T # C T e # A # * A I T G 6 g T C # ] ; C  
A » T s a 4 C A C A T f l C t c j 4 « « A T T 6 5 ( | T c i t C  Airi684CCC4 r#ci!c#4 G 64TT8Stf’r|fc
aT ■ 4 C- •• t. TC 4 T S e t C | a  06  ■ TTSëG - C|TC A!t-S54CTC4racT.cfi4GG-. TTGGfirciÉTC
rre
Aaa«G TTfC 
CTBO A»»A*G TCtC 
CTGGAftAAfcG T C fcCTGG'C/aGS^ C-CGGTA
GGGBTCCC
rSGGG TCC
GGGGTCC
TCCT
H H 1 0 2 ] $ S
AJ4U744fl
D
85
PrlAB c- GJ-_~GlA|£^ Airc;B-g6 üM-
EU2242B0
EU224273
EU2IBS34
FJ754324 6 G G '  G
EUC040M
EU«04007
EU4364S3
EU43645I
EU43C450
EU43644»
EU436448
EU43644S
EU436441
EU436440
EU436439
e s i TEU41S437
EU43643S
EU43643S
EU436434
EU436433
EU436432
EUI2236I
EUI2235S
EUI223SS
EUI22353
G G.
G G fi G G q 
G G G 
G G G 
A g G  q  
G G g -  
G fi G T G 
G fi
EUI22350
EU!22349
EUI22348
EUI22347
EUI2234S
EF219380
EU6040I0
iBAA t 'C  t P A g l A  a:Â |F c _C T .'C ^A g - H k l  A H  A
9 C C T C G G 
G c e  r c H H jT G 'Ë e  
■ c C " C ù W 6  %C
e C C r  C S  G. T G G C
G C C - C 8 G T  G GC 
G C C r c f i ^ T  
B t C T c ^ r  
B S c r c ë n i T G B c
C C - C F G - f i E C
i  c c T c G fi, - G G c 
C C T C G G - G 8 C  
A ^ C C T C G f f ' f i f i C  
C C  CG G -  G G I  
A|G C C T C G G,
C C ' C G G - £ , G C  
C C T C jOG - G Û C  
C C -  C M i  T C 
G C C -  CfrG-T G G C 
A g e  C T C tt f f i 'S ïX c  
A l c C - C G G - f r f C  
A I C C T C G G  G g C
G C C T C & & - G G C
G C c  T C 6  fi '  G &C
G C C -  c t a r  F l c
BC c  T c ik a T  e a c
GGj Ag C C T C G G T # ë  C 
C C T C G » ; - 6 g C  
A g e  C r  C G G r  G G B 
G c c - C S G -  G GC 
C C T CG G' TG GG 
C C r c  G q  
G C C r  0 6 fi T S o iC  
B c c - c p s g T g * | c  
Ific c  T Cfi G * G a C  
P g A  P c  c  T c  c G TO 0 c 
A a C C T C a £ , - g , f i . C  
A | C C - C 6 G - G â C  
G C C -  c  6  C - G Gi C
C C T c l ^ T G C - e
C C -  C G G T M  e  
C C - E fl G - 0 <f C 
A|G.C C t  C.G g -  fi OC
c T R
G C C C
G C C C c
c c c a A
C- C C C I
A | C  c  C c
C C c e
CCCC
AB C C ( 3  A
G fi A A
ABC T O
A G C
CCC* e s  A A
EC C T C-flA 
T CC T e t  
» C  C T C 9
t c c t c B  
» C  C TC t  a I* 
A T C C T C # A
8c C r, C 
fî C c T C t
A # C C  T c T 
FC C T c i  
T C C T C T 
Scc T C T  
A g C C  T c i  
A P c  C T c T 
aFt  C C T c 
C C r  C T 
c C TC ü  
AIT c  C TC 
A f t  d T C
c c TC B
c e  c e
T T.lfi G 
A g T ë 'f i  
A &T$
c c c e A G c
C c c a
C t J ^ A
A f i C - G
c e c i G c T G T
G c e c i
jsiec c e
G c c c l a c  - ‘e t
e c c c c
fi, c T fi 3
G T fi
filC T
c  T,6 G al 
c  T Ü *
c T G G G a
G G q c
e - G  G G 0
c T W  
C T f i G S C  
c  T fi G fil 
C T G fi O c  
B T «  G G 8  
CT.JS,G.âC
C T G G fi C 
C T G G fil 
BTfi  fi $ 1  
c  T G G ’I 
C T « ^ C  
C T g  G fil 
C T G fi fi C 
C T G G OC 
C T t  G 0  C 
c T G G G C 
C T O fi s a  A 
,c T gT 1 [ c
c -  fi fi fi a
c T e  8 | C  
c  T G fi fi c
B T fi fi G B
c r a  fi O.c 
T G G g c
E
KBVF
K8VT
KM
AF263732
AF2SS73I
AF263730
AF28372»
#283728
AF283727
AF263728
AF28372S
AF263723
AY452SM
AY27S710
HM22888S
ÏÂ T T IW Â
ACCAggAAgT 
ACBABBAA.G '  
ACC A 6 qAAg@ 
ACCAAaAA#'
A c c A fi fi A • fi -
A c  c  A f i  f i  A G  -  
ACC A Gfi A ftT 
ACCAMjAAt T
A C C A f i # A 4 f i - 
A C C A fi fi A g -
A C C a G O a A. 6-
A C C A :• fi A A G '
A ?'5'! Ça »■* aTÎ
A T T C C C A - f i g ^ A A  AACCi f i CAf i ATAACTT 
A T -  CCC A '  fi fi l A  A AACCf i CAg ATi A A # T  T 
a t - c c c a - g M aa  A A C C G C a Ô a T a a C T ?  
A T - C C C A - f i M A A  A A C c k C A @A T A A C T T  
A T T CCC A T ^ ^ A  A A A C C f i C A j j A T A A C T '  
• * - C CC A - f i g f A  A AAf C f i C  • g • ' A À c T T 
A - T C C C A T f i M A A  A A t  c j i C A G A HA AC TT 
A T T C C C A r s a ’ *A A A C C | C A G a I A A C T T  
AT T CC CACf i f i ^ AAf i A AC C f i C Ag AT l AAC - T  
A T TCCC A C G * | A  A g A  A f  CfiOA<|A T A A C -  '  
AT T C C T A C G  (« |A  aI a a 'B C É « A g A i|A  A C T T 
A T T C C r  A - , ifi T A AS A A £ c G c a I a TA A i. ï
A A T B T S  S t ^ A g A g t T T f A  
H a A C 5 | a  a CCA =  a 6  C " C 
A C C CAA T C A f A  A C ' S A  A C S O A  A C @ A # A G C - CCA
A C C A g A r  OA a t c a I a AC - H a A c |a |A  A c c  A h a H c t c | a  
A c c A SA TCA A r C A B A  A C T g A  AC6J5 A A C C a -  a |  C T C C A 
ACOAf î ATCA A M aI a A C tÎ Ba a CGTÎ AACC a - a | c *' C<|A 
■ C c A G A T c A a tT aI a A C A A C A A C C A T A fi C f  C 0 A 
- C C A G A r'c A A T Ç a I a A C * » A A c l ^ A  A C C A T A G C TC 4a  
A c e  A Û A **A  A « A f  A AC r g A  A 0 ^ 6  A A c e  A T A G C -  Cl A 
A M A g A  TCA A TCAOA AC t I a  A c g l A  A CC A T A G C T C i A 
A c H a I a  T C A lA  C A g A A ^  T ? A  : C f i OA A C Afi '  A g c  T Cl A 
A C » a § a  -  C a I a C a I a  a |  t fi a C G O a  a C a A f|A t-C  T C (  A 
* C f A g A iiÇ  A 3  A C A IA  A^ T TgA  A r  ir. g  A A i  Â f f t  A a  C C  | a 
A C C A a A T C A A - C A C A A C * f i A A C f i f i A A C C A - A G C T C C A
86
SBVF
S8VI
S8VR
HM237361 
EFS70887 
AYI52712 
AY!52711 
AF469603 
AY230517 
Af284629 
AF284628 
AF284627 
Af284626 
AF284625 
AF284624 
Af284623 
AF284622 
Af284621 
Af284620 
#284619  
Af284618 
Af284617 
Af2846l6 
Af092924
~&c 'e CSjY A a| - t
C£E|a|£ T t i jA A ÀgÂQ
E T t£ B
S T  - E G
YIHBa
|TT£S
aaE^-Ua
A a E -  r ^ A  
AAgTTGS 
A A lT T lfA 'k
E S e t  C G t  I ê cgcèL
G | cG CG L 
C |C |,T
g^ CBC
A f i g C i C G T
R r  f. ç S T t |
T T C C t G AETEGAÈ^ SB~ S C G G tTËfi
G M G
t a a P
A A f - f i l C
C M  Affi,T£J|
TES
i ^ B & l A l G E C | C G L A A f ~ G C  piGl; ’•YBi AiacBcfP.
G G' c  B c 6  
G B C f i C f 9 GGCgCa 
■ e c E c s  qCfCTi pUcfiCG T
| g c | c g  T 
G C C | C  
E & C | C
c
rTScre
G c e s
AAMC
AAT  T
■  C c  T T Cc-sctt
PC c T Y
Y A' C
f TTCÎCCT9CCT
CCTC
- C "  Al CAA T T T G
T CO A CTCTT
A » C T CCTCTC T A A
c r ^ ACCTC? T 7 TC
ACCTCT
ACCTCT
ACCTCÎA’PCCT?A f  CfC# A
iCCT
CCTC]A
C C TC T
CCTC#
- CCTI CCTCT T A A
A A l e  C TI a P C ? CCTCIA
T T T t fT AA
G
F ig . 4 .2 ; A B P V  (A ), B Q C V  (B ), C B P V  (C ) , D W V /K V A 'D V -1 (D ), lA P V  (E ) ,  K B V  (F )  a n d  S B V  (G ) 
p r im e r s  a l ig n m e n t:  T h e  firs t th ree  seq u en ces in each  a lig n m en t are  th e  p rim ers u tilised  in th e  R eal T im e 
rt-P C R  an aly sis, all th e  o th ers  are th e  m atch in g  seq u en ces o b ta in ed  u sin g  B L A S T  (B asic  L oca l a lig n m en t 
Search  Tool).
87
Results
The viral RNAs obtained from 120 honey bees (each sample) were analysed using the 
Real Time rt-PCR in order to determine the prevalence of honey bee viruses and the 
distribution in England and Wales. The bee inspectors collected the samples and 
reported the symptoms noticed on the R4LY form; these data were analysed to 
understand if the symptoms found were confirmed by the Real Time rt-PCR analysis in 
order to consider or discard the hypothesis of a cheap direct symptomatic diagnosis 
rather than an expensive molecular diagnosis of the honey bee viruses.
4.4 Prevalence of honey bee virus in England and Wales
The complete list of the results of the Real Time rt-PCR analysis is shown in table 4.2 in 
which a mean value for each duplicate analysis is reported. Lower CT values indicate a 
higher virus titre present in the sample and the values = 40 indicate a negative results.
All the positive and negative controls gave the expected results confirming the validity 
of both the RNA extraction method used and the Real Time rt-PCR analysis.
The prevalence of the analysed viruses in England and Wales were: DWV 93.4%, 
ABPV 23.3%, BQCV 70%, KBV 3.3%, SBV 50%, SBPV 3.3% and CBPV 4.2%. No 
samples gave positive result evidence for LAPV.
All the samples were positive for at least one virus; 43.2% of the samples showed a 
double infection, 38.4% a triple infection and 4.1% a quadruple infection. In total 
85.7% of the apiaries sampled were infected by more than one honey bee virus.
The most common double infection found was DWV+BQCV at 26.6%, followed by 
DWW+SBV at 10%, BQCV+SBV at 4.2%, DWV+ABPV at 0.8%, DWV+KBV at 
0.8% and DWV+SBPV at 0.8%.
The most common triple infection was DWV+BQCV+SBV at 33.3% followed by 
DWV+ABPV+BQCV at 1.6%, DWV+SBV+SBPV at 1.6%, DWV+BQCV+KBV at 
0.8%, DWV+BQCV+SBPV at 0.8% and DWV+KBV+SBV at 0.8%.
The most common quadruple infection was DWV+ABPV+BQCV+SBV at 3.3%, 
followed by DWV+ BQCV+KBV+SBV at 0.8%
88
4.5 Distribution of honey bee viruses in England and Wales
Figure 4.3 shows the distribution of the honey bee viruses found in England and Wales. 
As all the viruses found were evenly distributed in the territory of study, it was not 
possible to detect any distinct pattern except for KBV that was found in apiaries close to 
the major UK harbours (London, Liverpool and Southampton) and in the apiary of a big 
honey bee importer. A previous survey conducted at FERA found KBV found two 
positives hive located near Hull and Liverpool harbours (Ward et a l, 2007), suggesting 
that KBV is present in the UK as an imported virus, and the infection is still not 
endemic. An explanation to the presence of the virus in the proximity of harbours could 
be due to the presence of the virus in an external host. For example wasps could build 
the nest on a ship and once this arrives in the UK they can colonise the surrounding 
area, spreading new viral diseases not previously present in the territory. In fact, even if 
harbours are the first point of arrival for imported honey bees, it is unlikely that they are 
only sold in the proximity of the harbour rather than in the whole UK territory.
4.6 R4LY form and symptoms reported by bee inspectors
Figure 4.4 shows the symptoms reported by the bee inspectors for each sample 
analysed; the graph shows how many samples were reported for each type of symptoms. 
Most of the hives sampled (59) showed no detectable symptoms. The second symptom 
for frequency (23), reported in the "note" field of the R4LY, was chalkbrood that is not a 
viral related symptoms as the pathogenetic agent is Ascophaera apis, a fungus. The 
third and fourth symptoms reported are those related to DWV, deformed wings (16) and 
K wings (7). Aggressive bees, a described symptom of Kakugo virus (Fujiyuki et al, 
2005) was reported in 13 samples. Sacbrood virus symptoms, a well detectable virus, 
was reported only in 13 samples. CBPV classical symptoms were reported in this order 
of frequency: shiny bees (10), hairless bees (5), black bees (5) and trembling bees (also 
symptom of ABPV/KBV/IAPV) (2). Only in one sample was found a black queen cell, 
the typical symptom of BQCV.
The high frequency of no symptom detections underline the difficulty of a symptomatic 
diagnosis of honey bee viruses confirming the sub-clinical character of these viral
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infections. The viral symptoms more reported were those regarding anatomical 
deformities of the bees because they are easily detectable and because they are the 
symptoms of DWV the most frequent virus found.
The low detection of SBV and BQCV symptoms, respect to the number of positivities 
found using the Real Time rt-PCR, could be due to a too much superficially check of the 
brood frames by bee inspectors; perhaps a deeper visual analysis of the brood would 
lead to more detections.
Aggressive behaviour, shiny bees, black bees, and trembling bees are symptoms that are 
subject to be interpreted in different ways from different observer as they are not as 
objective as the anatomical deformity symptoms; so they should be always confirmed 
by laboratory analysis.
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-R—
Tib 4.2: Real Time rt-PCR results: In the first two columns are reported the 
progressive number indicating the order followed running the analysis and the 
sample number. All the other columns report the results for each virus analysed. 
Lower values indicate higher virus titre in the samples. The Ct value 40 indicate a 
negative result.
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Fig. 4.3: Distribution of honey bee viruses in England and Wales: Geo-referenced map 
showing the virus found. The position of samples in the map has been obtained using the National 
Grid Number o f the apiaries sampled. The different colours (see the key ) indicate the different 
viruses. The length of each histogram in the map is related to the CT value found.
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SYMPTOM SAMPLE TOTAL
Aqqnaaaivebee* 37.44.45.52.56.86.68.76.80.84.101.109.143 13
Black beea 13.76.69.95.120 5
Black queen oe# 86 1
Chalkbrood
2.13.23,38,42,47,52,53,54.56.59,84,85.97,92.96,108.109.11 
4,122,129.130, 139 23
Dekxmed wHnqa 11.20.44.52.55.56.59.64.72.112.114.121.126.131.138.141. 16
Haldeaa beee 3.12.45.69.78 5
K wfnoe 14.20.56.89.106.113.133 7
No symptom obeerved
4,7,8,10,15.19.39,43,46,48,50,51,57,58,60,61,62,63,67,70,7 
1,73,74,75,77,78,81,88,89,90,93,97,96,99,100,102,103,104, 
105,110,111,116,117,118,123,124,125,127,128,132,134.135, 
136.137.140.142.144.1431.1441 59
Sacbrood
11,49,55,65,79,82,85.107,112,114,115,131,133
13
SlWnv bees 3.11.12.69.76.95.112,119.120.141 10
Tremblinq beea 12.120 2
score
6 0
5 0
4 0
3 0
20
10
0 Blackbew 
Black queen cell 
CheWdxood 
^  Defonned wingm 
0  Heldeeebeee 
#  Kedngm
0 NoeymplomoÈwerved 
Secbiuod 
0 Shiny beee 
TromblInQ I
F:g.4.4: Symptoms reported by the Bee Inspector (table) and their frequencies (graph).
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Discussion
The aim of these experiments was to determine the prevalence of honey bee viruses in 
England and Wales, verify their geographical distribution and understand if a 
symptomatic diagnosis could be a suitable method for their detection. Beside the 
numbers reported in the previous section, some consideration are needed to better 
explain the results.
The detection of the SBPV in this study represent the first detection in the field in the 
UK and, together with a survey conducted in Switzerland done at the same time of this 
study, is the first detection of SBPV in the field in the world (de Miranda et a l, 2010b). 
In fact SBPV was previously found in the laboratory environment (Bailey and Woods, 
1974; Allen and Ball, 1996; Martin et al., 1998; Anderson, 1990) despite being included 
in many of the surveys (Homitzky, 1987; Ball and Allen, 1988; Topolska et a l, 1995; 
Nordstrôm ef a/., 1999; Todd ef a/., 2007)
A previous survey conducted at FERA in 2007 in England and Wales (Ward et a l, 2007) 
found the prevalence of KBV to be 0.43% (2 positives on 458 samples). Because this 
survey obtained a prevalence of 3.3%, just one year and half after Ward's research and 
using the same Real Time rt-PCR assay, this finding suggests an increased power of 
detection achieved using the new RNA extraction method described in chapter 3 as it is 
quite improbable that there has been a real increase in the prevalence in such a short 
period of time.
The prevalence obtained for ABPV (23.3%) found here, is much higher than the average 
reports of 5-6% found in routine screenings at FERA (data not shown); this result again 
suggests the increase of power of detection resulting fi-om the RNA extraction method 
and the new designed ABPV primers.
The new CBPV primers were shown to be capable of detecting the virus; in fact, it 
detected a prevalence of 4.2%. the old assay available at FERA gave only negative 
results on the same samples (data not shown).
DWV, BQCV, and SBV, are in this order, the most prevalent viruses in UK according to 
this study. This result is in line with data reported in literature with some differences due 
mainly to the method used to conduct the surveys and to geographical differences in the
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distribution of the honey bee viruses (Tentcheva et al., 2004b, France; Berenyi et al., 
2006, Austria; Baker and Shoroeder, 2008a, U.K.). For this reason, if one is looking for 
viruses tliat could be responsible of colony losses, tlicse viruses should be taken in great 
consideration.
The associations found between viruses are highly likely to be influenced by the high 
prevalences of DWV, BQCV and SBV that were detected in the vast majority of 
samples. It was therefore not possible to find any synergetic association between viruses 
in this study. However, it is important to underline that these associations suggest that 
the viruses are not in competition with each other and that the relationship between host 
and viruses may have been established a long time ago as multiple associations were 
also found in apparently healthy apiaries suggesting that, as often happens in the 
transition from an epidemic to an endemic phase of most infectious diseases, less 
pathogen variants of virus had had more chance to survive to the natural selection. In 
fact, being the viruses obliged parasites, they have very few chance to replicate if they 
kill their hosts (de Miranda and Genersch, 201 Oc).
Our finding that all honey bee viruses except KBV show no evident pattern throughout 
the UK is another suggestion that these viruses are well established over a long time 
period (Durr and Gatrell, 2004). The distribution of KBV, localised in the proximity of 
UK harbours and in the apiary of a known bee importer suggests that this virus is still 
not an endemic virus in the UK and it could be imported in recent times (Durr and 
Gatrell, 2004). Further surveys should be conducted to identify the apiaries infected and 
apply actions that could lead to the eradication while its prevalence it is still low (for 
example stamping-out of the infected apiaries and y irradiation of the hives ( Kenny et 
al, 1969).
The lAPV assay gave a positive reaction in the positive control, but no field samples 
were positive for lAPV. This result indicates that LAPV is still not present in UK and 
this confirm previous surveys conducted at FERA indicating the absence of this virus in 
the Country.
The symptoms reported by the Bee Inspector cannot be considered objective because 
any clinical diagnosis is affected by the observer accuracy, skills and own point of view;
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and in this survey there were 40 different observer (bee inspector). Therefore, behind 
the high frequency of “no symptom to report” choices expressed there could be a 
number of different reasons. It could be that some of the observer did not see any 
symptoms, this is compatible with the covert infection characteristics of honey bee viral 
diseases. However, it is not possible to exclude other reasons related to the single 
operators such us a superficial in inspection of the hives or lack of reporting of 
symptoms.
Those symptoms reported more frequently were those related to DWV, possibly because 
they are easy to find. In fact, DWV is widespread all over the world (Allen and Ball, 
1996; Ellis and Munn, 2005; Antunez et al., 2006), so on opening a hive there is a good 
possibility to see honey bees with deformed wings. The symptom of aggressiveness is 
the most subjective of the symptoms that can be reported as it depends not only on the 
perception of the operator, but also on the weather (honey bees are more nervous if it 
rains and are more active when the sun shines), by the bee keeping skills of the person 
that opens the hive ( unnecessary vibration it should be avoided and all movements have 
to be slow) and also by the soap or perfume used by the operator (Morse, 1997).
The classic symptoms of CBPV such as shiny/black, trembling, and hairless bees 
(Ribière et al., 2010) have been reported with a frequency higher than the viruses 
actually found in the samples. This fact could be interpretable in two ways: the assay 
designed is still not perfect, or these symptoms have to be considered as general 
symptoms of many pathological condition in honey bees.
The finding of just one hive showing symptoms of BQCV sharply contrasts with the 
prevalence of 70% found, this must balanced with the fact that it is not an easy 
symptom to find as the queen cells are not present all the time in the hive.
It would be interesting to verify how many diagnoses made by the bee inspectors were 
actually confirmed by the Real Time rt-PCR analysis, how many were not confirmed 
and how many times they missed a diagnosis of a virus infection that was actually 
detected using Real Time rt-PCR. Table 4.3 shows the symptoms reported by the Bee 
Inspectors, correlated with the actual viruses detected using the Real Time rt-PCR. A 
three-colour code has been used to underline correct diagnoses confirmed by the
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analysis (green), diagnoses not confirmed by the analysis (yellow), and missed 
diagnoses (red). The high number of missed diagnoses and of the diagnoses not 
confirmed by the Real Time rt-PCR suggests that only by using molecular technology 
methods we can diagnose honey bee virus infections The bee inspectors are fully 
qualified, responsible and trained personnel and for this reason it should be assumed 
that the visit to the apiary was conducted with the highest accuracy possible; the 
divergence between the symptoms found and the viruses actually present in the samples 
could be simply due to the sub-clinical nature of the honey bee viral infections.
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SAC0AOOO
AO OHICSSIVS a c c s
W H 4G S , BLACK BE ES, SHINY M E S . HAIBLCSS BEES
D E E  W X N e S
D C F  W I N G S  C H A L K B R O O D
O E F  W i n l S ^ ,  S a c b r o o d
O C F O R M C O  W I N O S .  B L A C K  B E E S  S H I N Y  B E E S  S A C B R O O D  
S M t N V B E C S
B L A C K  B E E S .  S M « k v  B E E S
A 6A #C S S#V C  BEES
I  O C F O R N t E O  W I N G S .  S H I N Y  B E E S  
K  W I N G S ,  S A C B R O O D
S  S W I N V B E E S .  M I R C L C S S  B E E S  
f Î M O N t
L E  - T R M B U N G  B E E S .  S H I N Y  B E E S .  H A I R L E S S  B E E S
Table 4.3: Correlation between symptoms described by the Bee Inspectors and viruses found with 
the Real Time PCR analysis: The missed diagnosis are marked in red, the unconfirmed diagnosis in 
yellow, the correct diagnosis in green. No sample was completely correctly diagnosed (no complete green 
row).
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5 Detection, sequencing and 
characterisation of honeybee viruses
Introduction
The detection, sequencing and characterisation of viruses involves, as well as the 
original laboratory work, the use of bioinformatic software to compare the similarities 
of the viruses found with other virus sequences deposited in the NCBI database. This 
chapter has been divided into two parts, firstly the detection and sequencing and 
secondly, the bioinformatic analysis.
The Real Time rt-PCR assay described in Chapter 4 was used as a mass screening of 
the virus samples collected. However, the results obtained only gave information about 
the presence/absence of specific viruses. The next step was to ftirther characterize 
some of the viruses found by obtaining sequence information derived from a conserved 
(RdRp) and a variable (capsid protein) region of the genome using classic rt-PCR and 
Sanger sequencing. This sequence information was then analysed using dedicated 
bioinformatic software.
Due to the large amount of data obtained from the mass screening, the limited time and 
costs, it was not possible to characterize all the viruses identified. Therefore, viruses 
were prioritised for further characterisation based on the following parameters;
1) Those viruses that were more prevalent were assumed to have a more important role 
in colony loss. In fact because of the high prevalence of colony loss (e.g. 35.8% in the 
USA), it is not probable that a low prevalence virus can be the cause of it .(van 
Engelsdorp et al., 2008);
2) The queen is the fulcrum of the colony, so virus infections that result in pathology of 
the queen were considered important for the health of the colony.
3) Possibility to use the same rt-PCR assay to detect a number of different viruses (e.g. 
DWV,KVandVDV-l).
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Taking these points into consideration, was chosen to analyse a proportion of the 
samples that were positive to DWV because of its high prevalence. In addition, the 
assay designed could also detect VDV-1 and KV, therefore allowing characterisation of 
three different viruses from one rt-PCR assay. The second virus that chosen was 
BQCV because of its high prevalence as well and its implication in queen pathology. 
The rt-PCR analysis, as well as providing sequence information about these viruses, 
was also able to confirm the results of the mass screening. Therefore, 6 DWV and 11 
BQCV samples that were negative in the mass screening assays were included in the 
rt-PCR analysis to confirm these results.
The rt-PCR products obtained using DWV and BQCV rt-PCR analysis were sequenced 
by the Molecular Technology Unit (MTU, FERA). MTU performed the sequencing 
twice for each PCR product using first the forward primer and in the second reaction, 
the reverse primer that was used to obtain the PCR products (reported in Table 5.1). 
This process generated two sequences of the same PCR product; the forward sequence 
and the reverse complement sequence.
The forward and reverse sequences obtained were aligned to the matching sequences 
deposited in the NCBI database in order to obtain cluster trees that could differentiate 
the sequences according to the sequence similarity (DWV/KV/VDV-1 ) or tell us the 
geographical origin of the viruses found (BQCV). For the analysis of the sequences we 
used General Public Licence (GPL) software freely available in the web.
M aterials and m ethods
5.1 rt-PCR primers design
The rt-PCR primers for DWV (RdRp and capsid protein) were designed by aligning all 
the DWV sequences deposited in the NCBI database and choosing regions of the 
genome sequence that were conserved between all of them. Sequences of VDV-1 and 
KV were also included in the alignment.
100
The BQCV primer sequences were based on those used by Tentcheva (2004b) for RdRp 
and by Chen (2005a) for the capsid region. These primers were capable of detecting all 
new sequences deposited in the NCBI database after the years 2004 and 2005. Table 5.1 
shows the primers used in these assays.
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5.2 Samples analysed
The assays based on my new primers (DWVGCNSP F and R; DWVGCSP F and R) for 
DWV and the primers reported in the literature for BQCV (Tencheva et al,y 2004b; 
Chen et al.y 2005a) were first validated using 9 samples of DWV and 5 samples of 
BQCV that were positive in the mass screening analysis. I also used a positive control 
(PlRl) that was previously validated for DWV and BQCV detection at the FERA 
laboratory; this gave a positive result for both DWV (CT 7.7) and BQCV (CT 13.5). 
Fewer samples of BQCV were tested as the primers used in this assay had already been 
used successfully in other studies (Tentcheva et al., 2004b; Chen et a/., 2005a).
The samples analysed for the validation were DWV = 61, 63, 64, 105, 142, 126, 120, 
136, 20 and BQCV = 61, 62, 65, 51, 64; these samples were chosen in order to have a 
wide range of CT values (from 10 to 30 for DWV and from 14 to 28 for BQCV).
Once, the method was validated, 59 DWV samples and 54 BQCV samples were 
analysed; the list of the samples analysed (positives and negatives for the Real Time rt- 
PCR analysis) is shown in Table 5.2.
5.3 Reaction details
Each rt-PCR master mix (25.1 pi) contained: Primers (forward and reverse, 7.5 
pmol/pl) 1 pi, Dithiothreitol (DTT IM) 0.5 pi, RNasin® Plus RNase Inhibitor 
(Promega; 0.5 pi), 2x Reddymix® PCR master mix containing 1.5mM of MgCL 
(Thermo Scientific -  Abgene; 12.5 pi). Superscript® III Reverse Transcriptase 
(Invitrogen; 0.5 pi), BIO-X-ACT™ Short DNA Polymerase (Bioline; 0.1 pi), and 
template (9 pi).
The rt-PCR reactions were performed using a 96 well Applied Biosystems Gene Amp® 
PCR System 9700 Thermal Cycler (cycle conditions are reported in Table 5.3). Products 
were analysed by agarose gel electrophoresis (described in section 2.4). All the products 
obtained were purified with the QIAquick® PCR purification kit (Qiagen), following the 
manufacturer's instructions, and final elution in 70 pi of the EB buffer supplied.
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The products were sequenced at the Sequencing Service of the MTU at FERA using 
Sanger sequencing. The resulting sequences (forward and reverse) were analysed using 
bioiiTorniatic tools as described in the next paragraph.
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Real Time PCR positives Real Time PCR negatives
DWV 62, 66, 50, 52, 54, 46,47, 48, 49, 67, 68, 69, 70, 
72, 58, 73,74, 55, 56, 60, 75, 89, 77, 78, 79, 80, 
94,103,143.1,113, 114, 115, 144, 144.1,110, 
140, 19, 42, 132, 134, 23, 7,10, 11, 13, 14, 2, 15
135, 133, 100,45, 86,81
BQCV 50,44, 45, 46, 47, 48, 49, 67,68,69, 70, 72, 57, 
58, 59, 73, 55, 56, 84, 85, 86, 87, 88, 89, 90, 77, 
78,79, 81, 82 ,104 ,107 ,109 ,92 ,93 ,95 ,97 ,98 , 
102, 100, 123, 124, 128, 129,130, 121, 127, 112
142, 143,110,111,63, 53,74, 96, 
106, 125, 4
Table 5.2: List of the samples analysed: The DWV and BQCV samples have been divided according 
to their positive/negative result in the Real Time rt-PCR assay.
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DWV RdRp DWV Caps BQCV RdRp BQCV Caps
STEP Temp Time Cycle
s
Tem
P
lune Cycle
s
Temp Time Cycle
s
Temp lim e Cycles
rt
Enzyme
activation
25 5 min 25 5 min 25 5 min 25 5 min
Reverse
transcription
52 1 min 1 52 1 min 1 52 1 min 1 52 1 min 1
Enzyme
inactivation
94 15 sec 94 15
sec
94 15
sec
94 15
sec
PCR
Dénaturation 94 30 sec 94 30
sec
94 30
sec
94 30
sec
Annealing 54 45 sec 40 54 45
sec
40 45 45
sec
40 55 45
sec
40
Elongation 72 60 sec 72 60
sec
72 30
sec
72 1 min
Final
elongation
72 10
min
1 72 10
min
1 72 10
min
1 72 10
min
1
Table S3. rt-PCR details: The thermal cycle details o f the four assays used are reported. A description 
of each step o f the reverse transcription and o f the PCR reactions are shown.
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5.4 Software used and parameters applied
The sequences were-processed using the software eBioX (Version 1.6 beta 1; Erik 
Lagercrantz; www.ebioinformatics.com) was used. This software is a graphical 
interface of the software eBioTools (version 3; Ville Jutvik; 
http://www.ebioinformatics.org/ebiotools/). The alignments algorithm utilised was 
Kalign using the default parameters (substitution bonus 0, gap extension penalty 0, gap 
opening penalty 60, terminal gap extension penalty 0).
I subsequently aligned all the sequences in the NCBI database that matched with the 
forward sequences. In fact, even if at this stage of the process the forward sequences 
presented few indeterminacies, they were good enough to be used as BLAST query in 
order to find the matching sequences deposited in the database. This allowed me to 
have reference sequences to follow in the alignment process just in case indeterminacies 
were present in the same points of the two sequences analysed.
Finally, an alignment containing all the consensus sequences and all the reference 
sequences was performed and saved in FASTA format in order to be easily imported 
into the software MEGA 5 (beta) that allowed me to construct phylogenetic trees 
(Tamura ef a/., 2007). The phylogenetic trees were obtained using the Neighbour- 
joining statistical method (Saitou & Nci, 1987) setting the bootstrap number of 
replication to 500 and leaving all the other parameters as pre-set by default. The 
Neighbour-joining method was chosen in order to be consistent with previously 
published phylogenetic trees for the ABPV/KBV/IAPV complex (de Miranda et. al, 
2010a). The sequences were then grouped using MEGA 5 software following the results 
given by the phylogenetic trees.
All viruses found were reported on a geographic reference map of England and Wales, 
following a colour code for each assigned group in order to visualize the distribution of 
the viral groups in the country.
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Results
5.5 Characterization of samples found positive for DWV/VDV-l/KBV 
and BQCV using the classical rt-PCR.
In total 54 samples for DWV/VDV-l/KV (48 positive and 6 negative at mass screening 
analysis) and 59 samples for BQCV (48 positive and 11 negative to mass screening 
analysis) were characterised.
5.5.1 Assay validation
The assays designed for DVW/VDV-l/KV and BQCV were capable of detecting both 
viruses over a wide range of concentrations (CT value), evidenced by positive rt-PCR 
results (Figure 5.1 and 5.2). The only exceptions to this were DWV/VDV-1 /KV sample 
120 (CT value 26) which gave a weak result for the capsid sequence assay and BQCV 
sample 51 (CT value 16) which was negative in the RdRp assay. As other samples 
proved positive even at lower CT values using these assays, and because samples 120 
and 51 were positive for the other assay allowing the partial characterisation of this two 
samples, the assays that failed to detect these samples were judged suitable to screen all 
the other samples reported in Table 5.2. As shown in Figures 5.1 (A and C) and 5.2 (A 
and C) the rt-PCR assays also generated smaller molecular weight bands that were not 
expected. By diluting the rt-PCR products during the purification stage, it was possible 
to remove these non specific bands as shown in Figure 5.1 (B and D) and 5.2 (B and D).
5.5.2 DWV/VDV-l/KV rt PCR characterisation
Of the 48 DWV/VDV-l/KV samples that originally tested positive in the Real Time rt- 
PCR test, 45 were confirmed positive in both the RdRp assay and capsid protein assay. 
Sample 74 was only weakly positive in the RdRp assay, but was negative in the capsid 
sequence assay; samples 79 and 80 were negative in both assays. Of the six samples that 
were negative in the Real Time rt-PCR assay, samples 133, 100, 45 and 87 were 
positive in this RdRp based assay. Samples 133, 100 and 81 was also found to be 
positive using the capsid assay (Figure 5.3).
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5.5.3 BQCV rt-PCR characterisation
Of the 48 BQCV samples that were positive in the Real Time rt-PCR analysis, 36 were 
confirmed using the RdRp assay and 47 in the capsid sequence assay. Samples 50, 46, 
69, 70, 73, 88, 89, 90, 78, 81, 104, 107 were negative in the RdRp assay. The positive 
control PlR l only gave a weak band in the RdRp assay but a strong band in the capsid 
sequence assay. Repetition of the assay on the PlR l sample using the RdRp assay, gave 
better results (Figure 5.4A second image) indicating a probable manual error in the 
template amount present in the previous reaction. In fact as the rt-PCR reagents were 
prepared as a master mix and then aliquoted in the single wells, the template was the 
only variable component in the reaction. Sample 81 was also negative in the capsid 
assay. Of the 11 samples that were negative in the Real Time rt-PCR test, samples 4, 
63, 96, 111 and 125 tested positive using the RdRp assay. Ten were found to be positive 
using the capsid assay described here, although sample 106 only gave a weak positive 
reaction.
All the samples that were positive in at least one assay were sent to FERA for Sanger 
sequencing analysis and the resulting sequences were analysed using bioinformatic 
tools. The results of this analysis are described in the next section.
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A B
500 bp
700 bp
c D
F ig u re  5.1: R esu lts o f th e  D W V /V D V -l/K V  rt-P C R  ana ly s is  befo re  a n d  a f te r  th e  r t -P C R  p ro d u c t 
p u rif ic a tio n . The im ages show s the rt-PC R  products o f  capsid (upper lanes, 576 bp) and RdRp (low er 
lanes, 712 bp) assay o f  D W V /V D V -l/K V  before (im ages A and C) and after (im ages B and D ) the rt- 
PC R  product purification step. A fter the purification step the non-specific bands w as alm ost 
undetectable on agarose gel and thus not inÔuent on the resulting sequences obtained w ith Sanger 
sequencing.
L= D NA  ladder (G eneR uler™  100 bp 100-1000 bp D NA  Ladder, Ferm entas), num bers^  sam ple 
num ber, += positive control, - =  rt-PC R  negative control.
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Figure 5.2: Results BQCV rt-PCR analysis before and after the rt-PCR product purification. The
images shows the rt-PCR products o f RdRp ( Pictures A and B, 424 bp) and capsid (Pictures C and D, 
700 bp) assay o f BQCV before (A and C) and after ( B and D) the rt-PCR product purification step. Also 
in this case, as reported before in picture 5.3, after the purification step the non specific bands were 
drastically reduced.
L= DNA ladder (GeneRuler™ 100 bp 100-1000 bp DNA Ladder, Fermentas), numbers^ sample 
numbers, += positive control, - = rt-PCR negative control.
I l l
A(RdR B (Capsid)
Figure 5.3: Results of rt-PCR assay to amplify DWV/VDV/KV RdRp (A) and capsid (B) 
sequences. 54 samples were tested using the RdRp and capsid primers of DWV/VDV-l/KV. The images 
show the products before the purification step. In The Arst four agarose gel images of each column (A 
and B, Ito 4) are reported the samples tested positive in the mass screening performed using the Real 
Time rt-PCR; in the fifth agarose gel images of each column (A and B, 5) are reported some samples 
resulted negative in the mass screening. Each lane is labeled with the sample number, the DNA ladder is 
marked with the letter L (lOObp DNA Ladder 100-1500 bp, Promega), + = PlRl positive control and - = 
rt-PCR reaction negative control.
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A (RdRp) B (Capsid)
9 8  I Û 2  I  i U O  i : J 4  1 2 8  1 2 9  1 3 0  1 2 1 1 1 2 7  A .  +
f
Fig 5.4: Results of rt-PCR assay to amplify BQCV RdRp (A) and capsid (B) sequences. 59 samples 
were tested using the RdRp and capsid assay o f BQCV. The images show the products before the 
purification step. In the first four agarose gel images o f each column (A and B, 1 to 4) are reported the 
samples tested positive in the mass screening performed using the Real Time rt-PCR; in the fifth agarose 
gel images of each column (A and B, 5) are reported some samples resulted negative in the mass 
screening. Each lane is labeled with the sample number and the DNA ladder is marked with the letter L 
(lOObp DNA Ladder 100-1500 bp, Promega), + = PlRl positive control and - = rt-PCR reaction 
negative control.
113
5.6 Bio informatic analysis of the DWV/VDV-l/KBV and BQCV 
sequences found using the classical rt-PCR.
In total were analysed and aligned 53 sequences (43 samples and 10 reference 
sequences) of the RdRp region and 110 sequences (57 samples and 53 reference 
sequences) of the capsid region of the DWV/VDV-l/KV genome and 47 sequences (38 
samples and 9 reference sequences) of the RdRp region and 69 sequences (55 samples 
and 14 reference sequences) of the capsid region of the BQCV genome.
Phylogenetic trees and distribution maps of the groups found were obtained from the 
alignments of the nucleotide sequences.
5.6.1 DWV/VDV-l/KV sequence analysis
5.6.1.1 RdRp nucleotide sequences analysis
The analysis of the D WV/VDV-1 /KV RdRp nucleotide sequences revealed that they can 
be divided into three major groups; 33 samples were grouped in group land include the 
typical DWV deposited sequences and the sequence of the recombinant virus VDV-1- 
DWV N9 (Moore et a/., 2011) , 5 samples grouped in group 2 included Kakugo virus 
and the recombinant virus VDV-1-DWV N5 (Moore et al., 2011), and 7 samples 
grouped in group 3 included the reference sequence of VDV-1 (Figure 5.5).
Within group 1, samples 46 and 68 were shown to be closely related to the recombinant 
virus VDV-1-DWV N9 and within group 2 the sample 56 was closely related to the 
recombinant virus VDV-1-DWV N5 confirming the results obtained by Moore (Moore 
et al.y 2011) on DWV-VDV-1 recombinant (Figure 5.5).
The distribution map showed that group 1 is widely distributed throughout England and 
Wales, group 2 is also widely distributed but no sample was found positive in the East 
part of England, and group 3 is mainly localised in the South-East of England (6 
samples) with only one sample positive near Gloucester. Recombinant sample 46 was 
found near Southampton, sample 68 near Gloucester and sample 56 near Warwick 
(Birmingham) where the recombinant was first described (Moore et al.y  2011) (Figure 
5.6).
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Fig 5.5 DWV/VDV-l/KV RdRp nucleotide sequence analysis: The analysis o f the RdRp nucleotide 
sequences revealed that they can be divided into three groups. The first was associated with DWV 
reference sequences and with the recombinant viruses HM162356 and HM067438, the second associated 
with Kakugo virus and recombinants HM067437 and GU109335 and the thiid associated with the 
reference sequence o f VDV-1.
115
B  Group 1 
I  Group 2 
Group 3
80 •
• 06
#123
Fig 5.6 DWV/VDV-l/KV RdRp nucleotide sequence distribution map: The samples (colour coded see 
key), were divided into the three groups found with the analysis reported in figure 5.5. Group 1 (DWV) is 
widespread in England and Wales and it is the dominant group present in the country; group 2 (Kakugo) 
is also widespread, but only 5 samples are contained in this group; and group 3 (VDV-1) is concentrated 
in the South-East of England with the only exception being sample 2 found near Gloucester.
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5.6.1.2 Capsid nucleotide sequence analysis
The analysis of the DWV/VDV-l/KV capsid region benefited form the presence in the 
NCBI database of many sequences with a declared geographical origin. Tliis allowed 
me to analyse, apart from the homology with DWV, Kakugo or VDV-1, the similarity of 
the variants found in my research with the variants present in different countries. 
Analysis of the nucleotide sequences revealed that my samples can be divided into 8 
major groups with two samples (46 and R4LY 126) following outside of all these groups 
(marked as NO GROUP). It was found that 24 samples belonged to group 1,13 samples 
to group 2,4 samples group to 3,2 samples to group 4, 0 sample to group 5, 4 samples 
to group 6, 4 samples to group 7, 4 samples to group 8, and 2 samples NO GROUP 
(figure 5.7). However, only the group 8, containing VDV-1, can be clearly distinguished 
from the other groups containing DWV and KV.
About the geographical origin, have to be remarked that the reference sequences not 
necessarily fitted in the groups found according to their their geographical origin. Group 
1 members displayed high homology and it was not possible to identify any sub-groups. 
Groups 2 and 3 seem not be related to any of the sequences deposited in the NCBI 
database. Group 4 can be divided in two sub-groups, the first including East European 
variants (except for Nepal 1 variant) and the second including variants coming from 
different parts of the world (Pennsylv^ia, Slovenia, Nepal and Sri Lanka). Group 5 
contained the Kakugo virus reference sequence and the Warwick recombinant isolates, 
but despite to the fact that none of the sequences found in my research belonged to this 
group at nucleotide level, when the protein translation was analysed 10 samples resulted 
closely related to KV and to the Warwick recombinant isolates (data not shown). Group 
6, with die group 2 and 3 seems not to be related to any reference sequence. Group 7 
contained the Turkish isolate 12 ID, and group 8 contained all the VDV-1 sequences 
and the rest of the recombinants not present in group 5. The group reported as NO 
GROUP was not named as a proper group as only 2 samples (at different phylogenetic 
distances) were found (Figure 5.7).
It is interesting to highlight sample 69. During the alignment 1 noticed that the 
indeterminacies present in the sequence can be ascribed to DWV or VDV-1 sequences.
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This could be evidence of a co-infection of both viruses in the same sample (and thus in 
the same apiary). For this reason sample 69 was marked as 69 DWV and 69 VDV-1 and 
reported in two different groups in the phylogenetic tree. Samples 19 and 77 previously 
reported as VDV-1 in RrRp analysis belong to DWV group indicating a possible 
recombination between the two virus genomes (Figure 5.7).
Figure 5.8 shows a map of the distribution of the 8 groups found although it was 
possible to see a certain degree of geographical clusterisation (e.g. group 2 in South 
Wales and group 8 (VDV-1) in South-East England), groups seem to be generally 
widespread throughout England and Wales with no evident geographical pattern.
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Fig 5.7: DWVAHDV-l/KV capsid nucleotide sequences analysis: The analysis o f capsid nucleotide sequences of DWV/VDV- 1/KV reveal that the samples can be divided in 8 
major groups, only VDV-1 can be clearly distinguished from DWV and Kakugo-like sequences. It have to be noticed the high homology o f reference sequences coming from 
different parts of the world (group 1 to 7).
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Fig 5.8 DWV/VDV-l/KV capsid nucleotide sequence distribution map: The groups obtained (figure 
5.7) were widely distributed across the country. However it is still possible to see the geographical 
clusterisation of group 2 in South Wales and of group 8 (VDV-1) in the South-East of England (with the 
only exception being sample 2 near Gloucester).
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5.6.2 BQCV sequence analysis
5.6.2.1 RdRp nucleotide sequence analysis
The analysis of the nucleotide sequences of the RdRp region of the BQCV genome 
revealed that the viruses found can be divided into four major groups that are separated 
according to the geographical origin of the reference sequences.
Group 1 is composed of three sub-groups, the first containing the reference sequence 
DQ404991 (isolated in the UK), the second containing no reference sequences, and the 
third containing the Polish variants of the virus. Group 2 contained the French variants 
of the virus and can be divided in two sub-groups, the first containing the reference 
sequence AY669484 and the second the reference sequence AY669487. Group 3 
contained the Hungarian variant EF517515 and group 4 contained no variants deposited 
in NCBI database by other researchers indicating a probable new variant of the virus 
(Figure 5.9).
The Ugandan variant FJ495181 discovered during a sub-project of my PhD appeared to 
be very distant to all other variants, this could be due to the great geographical distance 
between the African viruses and the European viruses and to the limited trade of honey 
bees and queens between these countries (Kajobe et a l.y  2010).
The distribution map of these groups did not suggest a clear pattern, the groups being 
distributed widely across the UK. The only exception to this is group 1 that seems to be 
distributed in South-West area and is less present in other parts of the country (Figure 
5.10).
5.6.2.2 Capsid nucleotide sequence analysis
The analysis of the nucleotide sequences of the capsid region of the BQCV samples
revealed that they can be grouped into four major groups. Group 1 contained the
German reference variant AF521640, the deposited sequence of my positive control
PlR l (GU903465) and 27 of my samples. Group 2 contained the Polish variants
(EF17519, EF17520, EF17521), the Brazilian variant EU292211and 8 of my samples.
Group 3 was made up of the Uruguayan variant DQ364629 and by 6 of my samples.
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Group 4 was made of the Spanish DQl32875 variant, Hungarian EF517515, US 
Pennsylvania AY626246, Korean (FJ603458, EU770937 and EU639830), Taiwanese 
GUI08221 v^iants and by 12 of my samples. Sample 111 (marked as “HI F only” in 
the phylogenetic tree) did not fit into any of the groups and for this reason it was marked 
as NO GROUP (Figure 5.11).
Group 1 can be divided in two sub-groups which are very closely related to each other 
but both quite distant from the German variant. Group 2 can be divided into three sub­
groups, the first containing two Polish variants EF 17520 and EF 17521 and none of my 
samples, the second containing the Brazilian variant and 2 of my samples and the third 
containing the Polish variant EF 17519 and 6 of my samples. Group 3 cannot be divided 
into sub-groups, and group 4 can be divided in six sub-groups: the first containing 2 of 
my samples and no reference sequence, the second containing the Spanish variant but 
no samples, the third containing the Hungarian variant EF517515 and 1 sample, the 
fourth containing the Pennsylvania variant and again no samples, the fifth containing the 
three Korean variants and 2 samples, the sixth containing the Taiwanese variant and 7 
samples (Figure 5.11). Have to be highlight that in some cases groups contains reference 
sequences described in countries very distant each other as for example Poland-Brazil 
(group 2), or Pennsylvania-Korea-Taiwan-Spain (group 4) indicating a probable 
diffusion of these variants following commercial routes.
The distribution map showed that group 1 was widely distributed all over the country, 
group 2 in the South-central part (from East to West), group 3 in the South-East with the 
exception of sample 142 located near York, and group 4 was located mainly in the 
South-West part of the country but with three samples found in the South-East and two 
samples found in the North (Figure 5.12).
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Fig 5.9 BQCV RdRp nucleotide sequences analysis: The analysis o f RdRp nucleotide sequences 
showed that the 4 groups obtained are divided according to the geographical origin o f the reference 
sequences. Group 1 include UK variant (sub-group 1) and three Polish variants (sub-group 2), group 2 
contains French variants, and group 3 the Hungarian variant. No reference sequence joined group 4. 
Variant Uganda 1 (FJ49S181) is distant from all groups found.
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Fig 5.10 BQCV RdRp nucleotide sequences distribution map: Groups found in RdRp analysis (Figure 
5.9) have been colour coded (see key). No clear pattern can be defined from the groups relative to the 
RdRp nucleotide sequences being the groups equally distributed across the country. However group 1, 
containing the dominant variant, seems to be more present in South-West area of the Island.
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Fig 5.11 BQCV capsid nucleotide sequences analysis: The analysis o f the capsid nucleotide sequences 
revealed that they can divided into 4 major groups. However samples belonging to each of four groups 
were found, the dominant group in UK is the group 1 that is related to the German reference sequence.
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Fig 5.12 BQCV capsid nucleotide sequences distribution map: Colour coded map of the groups found 
(see key) reported in Figure 5.11. However, the groups are distributed widely in UK, they seems to be 
present in the territory following geographical clusters. With the exception of group 1 that is dominant 
and widely distributed all over the Country, group 2 seems to be present in the South-central part (from 
East to West), group 3 in the South-East part (with the exception of sample 142 located near York), and 
the group 4 located mainly in the South-West part of the Country (with the exception of three samples 
found in South-East and two samples found in the North).
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Discussion
In'tills chapter furtllcr characterisation of the DWV/VDV-l/KV and BQCV samples 
was carried out using classic rt-PCR and bioinformatic tools. The whole process began 
with the assay design and validation (beside DWV and BQCV, assays for SBV, lAPV, 
KBV, ABPV, SBPV, and CBPV have been also designed and validated and they are 
ready to be used in future characterisation analysis (data not shown)), the rt-PCR 
analysis of a conserved part (RdRp) and a variable part (capsid) of the genome of DWV 
and BQCV samples and the construction of phylogenetic trees and distribution map for 
the nucleotide sequences obtained.
Samples that were found to be negative in the mass screening analysis were also 
processed in order to confirm, using a different test, the results obtained in chapter 4.
The ultimate aim of this characterisation was to investigate if different variants of DWV 
and BQCV were present in England and Wales and to eventually find out if a 
geographical pattern can be defined for the different variants found.
5.7 Assay validation and DWV/VDV-l/KV characterisation.
The newly designed rt-PCR assays for DWV/VDV-l/KV were able to confirm all the 
Real Time rt-PCR positive samples found as described in Chapter 4except samples 74, 
79 and 80 (CT values 34, 37 and 39, respectively). Samples 79 and 80 had CT values 
that can be considered below the detection level of the rt-PCR analysis. Sample 74 
showed only a weak positive reaction in the RdRp-based assay; this was surprising as 
other samples proved positive even though they had lower CT values (e.g. sample 2 CT 
35). An explanation could be that there is a mutation in the primer binding site or the 
sample could simply be contaminated by rt-PCR inhibitors that could decrease the 
efficiency of the reaction such as humic acids (fi*om degradation of organic matter), 
complex polysaccharides (from pollen contained in the sample), traces of ethanol 
(medium used to store the samples) or guanidinium (fmm the RNA 
extraction/purification) (Bessetti, 2007).
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5.8 Assay validation and BQCV characterisation.
The assay used for BQCV Rdl^ (Tencheva et al„ 2004b) failed to detect virus in 
samples 50,46, 69, 70, 73, 88, 89, 90, 78, 81, 104, 107 and also gave a weak result with 
the positive control. These samples showed in the mass screening analysis a CT value 
comparable to other samples that were correctly detected with this assay. Moreover the 
samples undetected using the RdRP assay were positive using the capsid protein 
sequence assay. Therefore an explanation could be that the detection of BQCV using 
RdRp assay is not equally sensitive with all the BQCV variants present in the UK. This 
hypothesis could also explain the weak result obtained for the positive control PlR l as 
it was a sample obtained from honey bees located in the UK. For this reason, future 
characterisation work of the new RdRp assay needs to be done. In order to obtain the 
sequences from these samples, a process based on virus purification followed by 
random primer amplification and PCR product cloning should be used, or alternatively 
utilisation of pyrosequencing technology that, although expensive, could give the full 
virus sequence.
5.9 Analysis of the negative samples from Real Time rt-PCR.
Surprisingly, a number of samples found to be negative for DWV and BQCV by Real 
Time rt-PCR gavé positive result using the rt-PCR assay for both DWV/VDV-1 /KV and 
BQCV. The negative results may have been caused by different reasons. We have to 
consider that no diagnostic test can be considered free from false positives/negatives as 
even the most accurate test is subject to operational, environmental, and template 
characteristics that may lead to errors in diagnosis.
I am confident in the results obtained using the Real Time rt-PCR assay as all the 
samples were analysed at the same time, using the same master mix prepared in a 
dedicated “clean” room and FERA robotic facilities were used to load the plates. In 
order to exclude eventual contamination between positive and negative samples in rt- 
PCR analysis.
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In considering environmental errors, it is a reported problem that 384 well plates can be 
subject to evaporation, especially in the peripheral wells, and this can change the 
composition of the rt-PCR mix leading to false negatives because of the incorrect 
dilution of the rt-PCR mix left in the wells in which the evaporation has occurred (Dr. 
Giselda Bucca, personal communication).
Finally, the rt-PCR mix for the two tests (Real Time rt-PCR and classical rt-PCR) differ 
in the composition (e.g. buffer, enzymes, MgCh concentration) so inhibitors present in 
some templates could affect one test but not the other.
5.10 bWVATbV-l/KV and BQCV sequences analysis and distribution 
maps
It may well be true that the grouping of the viruses I found were influenced by the data 
available in the NCBI database, for example countries that are historically involved in 
honey bee virus research, like the UK, US or France, are more keen to deposit 
sequences in the NCBI database and for this reason new sample sequences will cluster 
with these reference sequencesThis intrinsic limitation of the NCBI database prevents 
us knowing if the sequence found could fit better into a group of variants present in 
countries where studies on honey bee viruses are currently not in place.
The second limitation of this research impacts on the distribution maps. Although the 
number of samples analysed were statistically representative of the honey bee 
population present in England and Wales, gave us a reliable estimation of the viruses 
prevalence, and allowed us to differentiate different variants present in the country, 
when the different groups are reported on the map that number of samples analysed can 
give us only limited information. For example if certain virus variant was fond in a 
certain area, one may assume that the surrounding area is also infected (because of the 
drift phenomenon previously reported in the introduction of this thesis), but if we 
cannot find the same virus variant in another area we cannot be sure that this area is 
really free from that variant. This is due to the limited number of samples analysed and 
to the uneven distribution of the collection of samples in the territory of study. However,
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even with these limitations, the results obtained in this research could be used as a basis 
for a further, more consistent sampling collection by FERA,
5.10.1 DWV/VDV-l/KV sequence analysis and distribution maps
The analysis of RdRp sequences revealed that the samples collected in England and 
Wales can be associated to three major groups DWV, KV and VDV-1 in line with the 
current division largely reported in the literature (Ongus, 2004; Lanzi, 2006; Fujiyuki, 
2006, Berenyi, 2007; Baker, 2008a; de Miranda et al, 2010c). Looking at the distances 
between the three groups it appears evident that KV can be considered more as a variant 
of DWV rather dian a separate virus, but that VDV-1 actually forms a separated group 
The finding of three samples that are closely related to the VDV-1-DWV recombinants 
described by Moore (Moore et. al, 2011) further supports his research and shows that 
this recombination is happening in different parts of the country. This suggests that it is 
not an isolate phenomenon but a recombination that may happen quite frequently. It is 
interesting to note that the two sequences named VDV-1-DWV N9 and VDV-l-DWV 
N5 belong respectively, to the DWV and KV groups, indicating that recombination is 
equally possible with both the virus variants.
The distribution map based on the RdRp sequences suggest that DWV (group 1) is 
endemic in the UK as it is distributed everywhere in the country. As the Kakugo like 
sequences were limited in number it was not possible to find a specific pattern of 
clustering on the map.
VDV-1 in these maps is mainly localised in the South-East with just one positive
sample near Gloucester. This finding suggests that as the trading conditions are the
same and there is no reason why VDV-1 should not be found in other areas, there could
be a specific environmental factor that promotes VDV-1 presence in this area rather
than in the rest of the UK. For example, VDV-1 may have other non-specific hosts such
as bumble bees, wasps or even ants that could allow his presence in a certain area
compared to others. Particularly intriguing are the distribution maps developed by the
UK Bees, Wasps and Ants Recording Society reported in Figure 5.13, showing the
distribution of Bombus hipnorum, Vespula Germanica and Lasius brunneus. These
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distributions, in fact, seem to overlap the distribution of VDV-1 found in this research. 
Of course this hypothesis could be only confirmed by discovering the presence ofVDV- 
1 in these species. Moreover, in the literature the presence of other honey bee viruses 
(CBPV, KBV, ABPV, DWV, SBV and BQCV) in alternative hosts like bumble bees, 
wasps and ants has been already described, giving strength to the possibility that VDV-1 
could have alternative hosts. (Bailey and Gibbs, 1964; Anderson, 1991; Generesh et al., 
2006; Celle and Blanchard 2008; Singh et al., 2010)
The analysis of the capsid protein sequences of DWVADV-l/KV revealed that these 
sequences can be divided Into eight major groups. The group that really differentiates 
from all the other groups is the one containing VDV-1 and the recombinant DWV- 
VDV-1 reference sequences (group 8), confirming the findings obtained by analysing 
the RdRp sequences. Interestingly, when the capsid protein sequences are used for the 
analysis, the recombinant VDV-l-DWV N5 joined group 8 (together with VDV-1) 
instead of group 5 where KV and the Warwick full length reference sequences were 
located, confirming that this isolate really shares the capsid region with VDV-1 and the 
RdRp region with KV/DWV.
The lack of a consistent convergence of the reference sequences according to their 
geographical origin into groups found could reflect an intrinsic limit to the possible 
genetic variation in the capsid area, in fact any possible mutation must lead to the 
production of a virus variant efficiently able to infect the bees. For example, only a 
limited number of variations, randomly induced (thus not dependant from the 
geographical origin of the virus variant), can still produce a proteins able to bind the 
honey bee cellular receptor and initiate the replication process. In fact analysing the 
protein sequences of the capsid (data not shown), from the eight different groups found 
analysing the nucleotides sequences, we obtain just four groups, indicating that many of 
the point mutation found in the nucleotide sequences do not lead to a different protein 
expression, preserving the ability of the virus to interact with the host cell. However, in 
the same analysis, Kakugo-like sequences are well differentiated from the DWV
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sequences. In this case may be a change of a few nucleotides lead to a different capsid 
sequence still able to interact with the host cell.
The distribution map of the capsid region of DWV/VDV-l/KV revealed that, except for 
the VDV-1 group that is again localised in the South-East, all the other groups do not 
seem to show a specific pattern.
132
Bombus Hipnorum
Vespula germanica
Lasius brunneus
Figure 5.13. Distribution example of distribution of potential alternative hosts of VDV-1: The three 
distribution maps reported in this figure, developed by The UK Bees, Wasps and Ants Recording Society, 
show the distribution of three potential alternative hosts o f VDV-1: Bombus hipnorum, Vespula 
germanica and Lasius bruneus. All three of them are curiously distributed in the South-East and around 
Gloucester were also VDV-1 were found, (http://www.bwars.com/maps_bees.htm, last access 7/3/2011).
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5.10.2 BQCV sequence analysis and distribution maps.
The RdRp nucleotide sequence analysis revealed that the virus variants found can be 
divided into four major groups. In this analysis, the reference sequences sharing the 
same geographical origin grouped together. In fact group 1 included the Polish 
reference sequences, group 2 the French variants and group 3 the Hungarian variants. 
No reference sequence joined group 4, indicating a possible new variant. However, due 
to the lack of reference sequences deposited for the RdRp area of the BQCV genome, it 
is not possible to be sure that this group is not present in other parts of the world. The 
presence in England and Wales of samples closely related to sequences described in 
different countries is suggestive of a consistent import-export of honey bees or queens.
The distribution map based on RdRp nucleotide sequences (Figure 5.10) revealed that 
the different groups are mixed across the UK. However, is still possible to see that the 
distribution of group 1 is located mainly in the South-West of England, with only few 
spots in Wales and East, South-West and North England where members of the other 
groups were found. As with VDV-1, there may be an environmental pressure and/or 
possible alternative hosts impacting the distribution of BQCV variants.
The capsid nucleotide analysis revealed that the BQCV samples can be divided into four
major groups. The first group is related to the German variant reference sequence, but
the new sequences are grouped together in a different sub-group with respect to the
reference sequence. The second group contains, in three different sub-groups, the
Brazilian D6 and the Poland 5 and 6 reference sequences. Group 3 contains the
Uruguay reference sequence and group four the Spanish, Pennsylvania, Korea and
Taiwan reference sequences. The availability of reference sequences isolated from so
many different parts of the world and the presence of samples related to these
sequences, confirm that the commerce of honey bees and queens with foreign countries
plays a determinant role in the spreading of new variants in UK.
The distribution map of the analysis of the capsid nucleotide sequences reveal that the
groups found seems to be present in the territory following geographical clusters with
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the only exception of group 1 that is the dominant group in the UK and it is widely 
distributed all over the country. In fact group 2 was found mainly in the South-central 
part (from East to West), group 3 in the South-East part (with the exception of sample 
142 located near York), and the group 4 located mainly in the South-West part of the 
Countiy (with the exception of three samples found in South-East and two samples 
found in North). This geographical separation of the of the variants found could be due, 
to different commerce routes used by different importers followed by sale of bees and 
queens at local level.
To understand why variants described in a very far part of the world, such as Poland- 
Brazil or US-South Korea-Taiwan, are so similar and actually join the same groups, we 
need to look at human migration and to the commercial partnership between these 
counties. For example it was not a rare thing in the past for migrants to bring hives with 
them in new countries. This was for two good reason, the first was that at that times 
sugar was a delicatessen for rich people and the only source of sugar was honey, the 
second was that migrants only had little information about the country where they were 
going to live and to be sure they had all they needed to start a new life, they used to 
bring with them seeds, animals and also bees. So, looking at the website Polishroots, a 
website whose primary objective is to promote the Polish culture, 
(http ://www.polishroots .com/Research/History/poles_latinamerica/tabid/241 /Default.as 
px accessed on 8/03/2011) we found that Polish immigration in Brazil dates back to the 
1850's. Many of them were people working in agriculture and they were followed by 
priest and monks that historically have always been involved in bee keeping. This could 
reasonably explain the close similarity between the Polish and the Brazilian virus 
variants. The influence of the US on South Korea and Taiwan, the relative migration of 
these people in the US, and the commercial relationship between these three countries is 
recent history that does not need to be investigated in more detail to explain the 
similarity of the viruses found in these three countries.
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6 Overall discussion and future 
perspectives
The main aims of this research were to gain knowledge about the prevalence and the 
distribution (epidemiology) of honey bee viruses in England and Wales and to 
investigate the similarities at the genetic level with variants described in different 
countries (taxonomy). In the sections below I comment on the overall conclusions for 
each part of my project and future developments.
6.1 Design an extensive sampling plan that could give a 
statistically representative snapshot of the prevalence and 
distribution of honey bee viruses in England and Wales
The first and perhaps most important requirement of any sampling plan it is a good 
acceptance by the people that have to collect the samples and by the people that have to 
agree to give the samples; without this compliance the plan is destined to fail. In this 
research project the overall acceptance of the plan by both bee inspectors and 
beekeepers was exceptionally high as all the bee inspectors collected bee samples and 
no beekeeper refused them to collect them. However, this high level of acceptance could 
be due to the concern about colony loss and CCD, the discussion of this project at 
different meetings, such as the annual bee inspector meeting or the British Beekeepers 
Association (BBKA) Spring Convention, may have helped to allow the stakeholders 
involved in this sampling plan to fully understand the importance of the research.
As the bee inspectors were asked to collect the samples at the same time as they were 
collecting other samples for other FERA sampling plans, the samples collected for this 
research were not evenly distributed in England and Wales, but the collection of 
samples covered the territory to a large extent.
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In order to establish the prevalence of honey bee viruses, and thus the number of 
infected apiaries rather than the diseased ones, the bee inspectors were asked to 
randomly choose the hive to sample. However, as they were sampling apiaries because 
of the probable presence of other diseases (e.g. Foulbrood, Nosemiasis and Varroasis) 
there could be the possibility that in this sampling plan we missed the apiaries that did 
not report any problem, therefore preventing any consideration on the possible 
synergistic interactions between viral diseases and other pathogens. However, looking at 
the pollen and honey stores (Table 6.1) reported by the bee inspectors in the R4LY field 
sheet, we noticed that both strong and weak hives were recorded suggesting that the 
samples taken were actually representative of the average National honey bee health 
status.
The number of samples to collect and the number of bees to analyse was calculated 
using a spreadsheet developed by a FERA statistician using as parameters infinite 
population of hives and honey bees. In fact as the number of both hives and bees largely 
overcome the 50,000 units the population can be considered as an infinite population for 
what concern the samples required to investigate the prevalence of a disease (Figure 
2.1). The required probability of detection 95% and expected prevalence 2.5%. These 
parameters gave us a safety margin as the lowest prevalence for a honey bee virus 
reported in France was 17% for KBV (Thentcheva et al., 2004b). Even if the number of 
samples are adequate to the prevalence calculation, when the same data are used in GIS 
they can give only an indication of the distribution of honey bee viruses in the territory 
as a higher number of samples would be needed in order to have a detailed distribution 
map. In fact, where we found an infected apiary we could reasonably say that the 
surrounding area is infected (at least in a 3 km radius, the average flying range of honey 
bees), but where we did not find any positive samples it was not possible to say if the 
surrounding area was infected or not because of the limited number of samples. This 
limitation has now been overcome by FERA as they have put in place a new sampling 
plan that has the aim to collect thousands (circa 4800 in two years) of samples all over 
England and Wales. Thç results of this new plan will confirm if the areas in which the
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positive samples of this research should be considered endemic or if we found an 
outbreak, probably resulting from the trade of bees or queens.
Bee inspectors were asked to complete the R4LY field sheet reporting not only the 
pollen and honey stores, but also those symptoms that could indicate viral diseases. As 
the R4LY field sheet was organised as a tick box with the purpose of reduce its 
completion time, all the samples came with the R4LY field sheet fully completed. 
However, the “no symptom” box was the most checked regardless of the type and the 
amount of virus found in the subsequent Real Time rt-PCR analysis. This finding 
confirms the covert nature of honey bee viral infections and suggests that molecular 
biology is the only effective tool available for the true diagnosis of honey bee virus 
infections. The fact that even heavily infected samples were collected from hives in very 
good health, could indicate an endemic relationship between the host and the viruses 
that has led to honey bees adapting to virus infections.
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Table 6.1. Pollen and honey stores in the samples analysed: For each subsample (hives) the pollen (PI, 
P2, P3) and honey (HI, H2, H3) stores were recorded. Looking at the values of pollen and honey stores it 
is clear that both weak and strong hives were analysed. There was no correlation between the health of the 
hives, symptoms described and viruses detected.
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6.2 Set up a viral RNA extraction method that could lead to 
the isolation of RNA of rare viruses (e.g. KBV or SBPV)
In this research it was considered of paramount importance to set up a viral RNA 
extraction method that could lead to the isolation of rare viruses for the following 
reasons:
As reported by Tentcheva (Thentcheva et al., 2004b) the prevalence of viral infections 
of honey bees has a seasonal character, and this could be related to different conditions 
in the “hive environment” such as the production of new workers and queen larvae in 
spring-summer rather than in autumn (higher prevalence of SBV and BQCV) or for 
example the higher peak of the Varroa infestation that usually occurs in autumn rather 
than in spring-summer (higher prevalence of DWV) (Tentcheva et al., 2004b). 
However, the infections does not disappear completely in the other seasons and re­
appear in the same areas as soon as the conditions in the hive again become favourable 
for viral replication. This probably indicates that outside of the peak periods (e.g. in 
winter) the viruses persist at low titres in the hive. However, the sampling plan for this 
research was carried out in spring-summer and early autunm, and so in a period where 
most of the honey bee viruses shows their maximum concentration in the hive,the single 
samples were collected in one of these season (spring, summer, or autumn). Basically a 
specific virus, in a specific sample, could be undetectable because of its low prevalence 
in the specific season when the sample was collected. This could be particularly evident 
if the virus considered has generally a low prevalence such as the complex ABPV-KBV- 
lAPV or CBPV.
The knowledge about SBPV was very limited as the first field report was reported in 
2010 in England and Wales (this research) and in Switzerland, both at a low level of 
prevalence values (de Miranda et al., 2010b). Moreover, nothing is known at the 
moment about any seasonality of SBPV infestation, hence, we cannot assess the 
prevalence of the virus according to the season.
The number of bees that had to be analysed had to be statistically representative of the 
hive population. In a hive there are in average 50,000 bees, so the correct number of
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bees to be tested should be 120, having an expected prevalence of 2.5% (as shown in 
section 2.8.2. In fact is not true that all the bees in an infected hive were infected, so 
samples of only a few bees should not be considered representative of the hive health 
status as they can easily lead to false negative results. The drawbacks of analysing 120 
bees is that many RNA extraction methods can only work with limited volumes; 120 
bees weigh about 12 g. Moreover, if a virus is present at low prevalence within the hive, 
that mean that only a few bees in the hive will be infected; so if in our sample only one 
infected bee is present out of 120, there could be the risk that the virus is too diluted 
and below the threshold of detection of the tests used, if virus concentration is not 
performed before the RNA extraction.
As stated in section 2.8 the apiary could be considered the real epidemiological unit as 
the hives in the same apiary are subjected to the same conditions (environment, 
management) and because the contacts between bees of different hives is more frequent 
(drifting, mate of the queen with drones coming from different hives and robbing). 
Because of this continuous contact between bees living in different hives but in the 
same apiary, 40 honey bees for each of the three sub-samples (120 honeybees per 
apiary) were pooled together in order to study the apiary prevalence of honeybee 
viruses.
For these reasons the direct RNA extraction methods normally used in many virology 
laboratories were not considered suitable for this research and a new method based on 
virus particle concentration followed by viral RNA extraction was designed. As it was a 
new method its efficiency needed to be compared with an established method such as 
the GITC-paramagnetic particles RNA extraction method in use at FERA. The newly 
developed method proved to be more efficient when compared with the GITC- 
paramagnetic particles method, being able to allow the detection of low concentrations 
of intentionally spiked PMV and giving, for the same honey bee sample analysed, lower 
CT values (thus higher concentration of viral RNA) for BQCV. It also proved to be a 
suitable method for the research of differently shaped viruses starting from large 
volumes of organic material. This characteristic suggests the method is suitable to be 
used in a wide range of applications in virology such as environmental virology (for 
example viruses in soil or water) and the diagnostic virology (allowing analysinjg of a
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larger amount of tissues, therefore increasing the possibility of detecting viruses present 
at low titre). Moreover, as the concentration of the viruses involve that host and other 
pathogenic organisms arc discarded, this method could enhance the efficiency of next 
generation sequencing as it will be directed mainly on viral RNA sequences.
6.3 Analyse all the samples for each virus by Real Time rt-PCR and 
calculate the prevalence and the distribution of the viruses found using 
Geographical Information System (GIS) tools
Thanks to the robotic facilities available at FERA it was possible to process in a few 
days the 120 samples (in duplicate) for eight honey bee viruses (DWV, ABPV, lAPV, 
BQCV, KBV, SBPV, SBV and CBPV) therefore Real Time rt-PCR has been 
demonstrated to be one of the quickest and most sensitive methods for the mass 
screening of samples coming from a large scale sampling plan.
Assays deposited in the literature and newly designed assays proved to be capable of 
detecting the target viruses, but the discovery of false negatives using the classical rt- 
PCR method suggest that new Real Time rt-PCR assays for DWV and BQCV should be 
designed and that the accuracy of the automatised analysis process using the robotic 
facilities should be improved (for example limiting the effect of the evaporation using 
96 well instead of 386 well plates).
Taking into account only the prevalences found with the mass screening analysis, we 
should consider DWV (93.4%), BQCV (70%), SBV (50%) and ABPV (23.3%) endemic 
in the UK honey bee population, while CBPV (4.2%), KBV and SBPV (3.3%) should 
be considered as epidemic outbreaks because of their low prevalence value. 
Unfortunately, as the prevalence is the value that indicate the number of infected 
susceptible hosts divided by the total number of hosts at a certain time, we cannot be 
sure about the trends of viruses infections in the honey bee population. In order to have 
a comprehensive view of the disease dynamics we should take samples from the same 
apiaries (and the same hives) over a long time period in order to investigate the 
incidence of the viral diseases that can be defined as the number of new cases 
(excluding the dead colonies or the one that became negative to the diagnostic test used)
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over the apiary population susceptible to be infected at the time of the first samples 
collection. In fact as the prevalence represent only a snapshot of the relationship 
between host and pathogen, the incidence give as results a series of snapshot (one for 
each sampling) highlighting the trend of the diseases over a period of time. I believe the 
sampling period should be two years long, this is because that is the average productive 
life of a queen; after that the colony will very likely swarm, giving life to a new colony 
(thus to a new “susceptible individual” in the honey bee population). Moreover, the 
seasonal prevalence of each virus investigated should be taken into account, so an ideal 
sampling plan should be composed of four sampling rounds per year (one for each 
season). Unfortunately, because of the time and the resources needed to obtain incidence 
data, this was not possible in this study.
The distribution of virus infections in England and Wales (Figure 4.3) revealed that 
DWV, BQCV, ABPV and SBV are widespread over the territory of study, confirming 
the hypothesis that they can be considered endemic. About the distribution of SBV have 
to be noted the absence of positives in ten samples in South Wales that form a cluster of 
“resistant apiaries”. The reason for this “resistance” to SBV should be studied in more 
detail to understand if we are seeing a resistant breed of bees, a new virus variant 
undetectable with the current assay, or if the absence of the virus could be the result of 
some Welsh beekeeping association policy that encourages members to buy a nucleus of 
bees ft^ om local beekeepers rather than fi’om other parts of England or fi'om abroad, 
limiting thereby the spread of the virus.
The distribution of KBV near the major harbour of the UK and in the apiary of a big 
honey bee importer (North England) could indicate that KBV is present but is not still 
endemic, and these points could represent just epidemic outbreaks of the infection. 
Again, as no incidence study could be done in this research was not possible to know if 
the trend of infection is developing to an endemic situation.
The absence of any positives for lAPV when performing two different assays clearly 
confirms that this virus is not present in the UK and any action possible (such as 
epidemiological surveillance and early stamping-out of any infected hives found) 
should be taken to avoid the introduction of this species.
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It was not possible to confirm the presence of CBPV in our samples using the classical 
rt-PCR even using different sets of primers (described in literature and newly designed). 
This could be due to the characteristically high mutation rate described in the literature 
(Ribière e/ al, 2010). For this reason the prevalence data for this virus cannot be 
confirmed and were intentionally left out of the distribution map. Further studies using 
random amplification and next generation sequencing techniques would confirm the 
positivity of these samples and, could allow the researcher to design new primers for 
detection.
The finding of SBPV in the UK and Switzerland, is the first report in the world and this 
is very important as SBPV was never previously found in natural environments but only 
in laboratory conditions (de Miranda et al., 2010b). As soon as new sequences of 
different variants of SBPV become available on the NCBI database, new primers should 
be designed to increase the detection power of the diagnostic methods used.
6.4 Characterise some of the samples using classic rt-PCR 
followed by sequencing or pyrosequencing
As reported in the previous paragraph, the finding of four samples positive for SBPV in 
England and Wales, together with the finding in Switzerland, demonstrated that SBPV 
is a virus not confined to the laboratory environment, but a virus established in the field 
whose biology and life cycle need to be investigated further.
The sequences were almost identical (>98%) to the described SBPV ROTH variant (de 
Miranda et al., 2010b). Considering that SBPV ROTH is the sequence of the original 
SBPV virus described 37 years ago (Bailey and Woods, 1974), this indicates a 
surprising overall stability of the SBPV genome for a member of the Iflaviridae family, 
or, more likely, that the assay utilised is capable of detecting only this variant. In fact, 
the four positive samples characterised using the classical rt-PCR (RdRp) combined 
with Sanger sequencing and later using a random rt-PCR amplification followed by 
pyrosequencing, were found during the Real Time rt-PCR mass screening using an 
assay designed taking in account the only SBPV sequence available, SBPV ROTO 
indeed. Unfortunately, for economical reasons, it was not possible to investigate, using
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random rt-PCR amplification followed by pyrosequencing, some of the samples that 
were negative to SBPV, with the aim of discovering if other variants, not detectable by 
the Real Time rt-PCR assay, were present in our samples.
In Chapter 5 I demonstrated that DWV, KV, VDV-1 and BQCV are well established and 
widely distributed in England and Wales. For this reason, together with the high 
prevalence values found, these viral diseases should be considered as endemic in the 
UK. Vaccination is not possible for honey bees but it is not economically viable to 
reduce the prevalence of the viral diseases, by stamping-out or the block in trade of 
infected honey bees. Recently it has been shown that the ingestion of viral homologous 
dsRNA can silence, in the laboratory environment, virus reproduction even in 
subsequent infections (Maori et al., 2009). This approach could be an ideal tool to 
reduce the prevalence to levels that allow more stringent eradication plans but, as the 
dsRNA oligonucleotides are designed on known sequences of the viruses that are very 
likely in equilibrium with the host (honey bees), the risk is that this practice could 
became a trigger factor for the ecological success of variants that without this treatment, 
would never be successful as they have to compete with the more adapted variants.
For this reason the only way practicable at the moment is to select and breed honey bees 
that show some kind of resistance to the viruses.
6.5 Future perspective
Further development of each single step described in this thesis could lead to a deeper 
knowledge of honey bee viruses, a more accurate diagnosis of them, and a better 
knowledge of their ecology and pathogenic potential.
The RNA extraction method based on virus precipitation was demonstrated to be an 
excellent method for the detection of viruses present at low prevalence, but it has the 
drawback of being much more laborious compared to other methods and for this reason 
it is not suitable for routine diagnosis. Future work could try to reduce the assay time, 
for example by increasing the centrifugation velocity, analysing more samples at once 
and using a vacuum pump based RNA extraction method instead of a centrifuge based 
method.
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The characterisation of the other viruses found in the mass screening (SBV, ABPV, 
ÏŒV, CBPV and SBPV) and the generation of distribution maps for these viruses can 
give us a comprehensive picture of viral infections in England and Wales and comparing 
these data with the colony loss reports available at FERA, we could know the role of the 
single variants and/or the synergic associations of viruses in the decline of the honey 
bee population.
The lack of cell culture is the major limitation of the study of honey bee virus 
pathogenesis and, due to the high prevalence of honey bee viruses and the lack of virus- 
free larvae, is not possible to know if a pathogenic effect we see is due to the virus 
injected or to the association of it with viruses already present in the larvae. Fortunately, 
progress in the field of honey bee cell lines has been made (Hunter, 2009) and hopefully 
in the next few years we can benefit from new tools to understand which of the variants 
found in this research could have an important pathogenic effect on honey bees.
Another problem in studying these viruses is their extreme variability. This means that 
the assays designed may be unsuitable after short periods of time or as soon as 
mutations may appear in the part of the genome where the primers are binding. For this 
reason, pyrosequencing may be better as only random amplifications are needed, 
therefore we do not have to know a priori the virus sequence. The drawback of this 
technique is the elevated cost per analysis (about £1000 per reaction at the time of this 
research) and to reduce it FERA is undertaking studies to try to pool multiple samples 
into one analysis discriminating the origin of different sequences obtained using tagged 
primers. While these experiments are only at an early stage, if they give positive results, 
it will allow us to generate sequences of hundreds of viral variants on samples collected 
in this research, and will tell us if different, undetectable variants are present in England 
and Wales. The availability of hundreds of new viral sequences on the NCBl database 
will be of invaluable value for all the researchers working on honey bee viruses.
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This year the National Bee Unit have organized a new sampling plan to investigate 
honey bee pathogens that will collect between 600 and 800 samples evenly distributed 
in England and Wales and the samples will also be analysed for the viruses analysed in 
this research. This study will give us more detailed information about the distribution of 
honey bee viruses, their epidemic or endemic status and the possible role other honey 
bee pathogens play in the transmission or synergistic pathogenic action of honey bee 
viruses. This plan will also give us a more precise evaluation of the prevalence of the 
viruses found at low prevalence in this research (KBV, SBPV and CBPV).
LAPV has never been detected in the UK and as its role in CCD has not been fully 
clarified. However, we should put in place all possible actions to avoid an introduction 
from overseas. These actions could include a monitoring system for imported bees and 
queens and placing of a buffer zone around airports and harbours where only sentinel 
hives, regularly monitored, should be present.
An interesting area of research could be to investigate if the eventual ability of VDV-1 
to reproduce in other hosts is behind its distribution. This phenomenon has already been 
reported in the literature (Bailey and Gibbs, 1964; Anderson, 1991; Generesh et al,, 
2006; Celle and Blanchard, 2008;Singh et al., 2010) and these external hosts could 
represent a reservoir for the viruses in periods of the year when the viruses seem to have 
a lower prevalence in honey bees. If this could be confirmed, these hosts could have an 
important role in virus ecology in maintaining the infections year by year regardless of 
the yearly climatic variations. In fact a host could be considered itself as “an 
environment” for the pathogen therefore, if different hosts with different life cycles and 
resistance to external environmental conditions can harbour the viruses, viruses will be 
protected against all the factors that could determine their extinction from a territory.
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Recipes for buffers, solutions and medium
GITC Buffer
GITC Buffer (212 ml): Guanidine Isothiocyanate lOOg, Tris-Cl 10.6 ml, EDTA 4.24ml, 
20% N-lauroyl sarcosine (Sarkosyl) 21.1ml, P-mercaptoethanol 2.12ml, MQ water
Dissolve the Guanidine Isothiocyanate in a solution of MQ water 90 ml, Tris-Cl 10.6 
ml, EDTA 4.24ml, and mix for 2 hours. It could be necessary to warm the solution to 
assist dissolving. Add then the other ingredients and bring to a final volume of 212 ml 
with MQ water.
LB broth and LB agar
LB broth: Tryptone lOg, Yeast extract 5g, NaCl lOg 
LB agar: LB broth 100 ml. Bacterial agar 1.5g 
Kanamycin and Ampicillin solution (0. Ig/lml H20)
X-Gal in dimethilformamide (DMF) (40mg/ml)
IMNaOH 
MQ water
To prepare the LB broth dissolve lOg of Tryptone, 5g of Yeast extract and lOg of NaCl 
in 200 ml of MQ H20, adjust the pH to 7.5 using NaOH and add MQ water to 1 litre. 
Aliquot the LB broth obtained in four 250 ml bottles and autoclave.
To prepare the LB agar add 1.5g of Bacterial agar to 100 ml of LB broth and autoclave.
. Melt the LB agar using a microwave, let it cool down add 50ug/ml of Kanamycin, 
50ug/ml of Ampicillin and lOOul of X-gal and pourinto Petri dishes.
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lOX TBE and agarose gel.
lOX TBE: Tris base 107.8g, Boric acid 55g, EDTA (diNA*2H20), 9.3g, MQ water to 
1 litre
Ethidium Bromide (EtBr) 1:200000 dilution 
Agarose (>99%)
In a 11 bottle prepare the lOX TBE solution and stir it on a magnetic stirrer until it is 
clear; aliquot it in four 250 ml bottles and autoclave them. Obtain the IX solution by 
adding 100ml of this solution to 900ml of MQ water. To obtain a 1% agarose gel put Ig 
of Agarose and 100 ml of IX TBE in a large (250ml) flask and heat in microwave for 
two minutes (or until the solution appears completely clear).
In the meanwhile seal with the masking tape the open sides of the tray and insert the 
comb. Let the Agarose solution cool down and add 5ul of EtBr solution. Pour the 
solution into the tray and allow the gel to solidify (about 20 min). In another bottle put 
500ml of IX TBE solution and 25ul of EtBr solution, mix well and put it in the running 
cell. When the gel is solidified remove the tape and the comb and put it into the cell.
3M sodium acetate
To obtain a 3M Sodium Acetate solution dissolve 40.81 g of Sodium Acetate trihydrate 
in 80 mis of H20. Adjust the pH to 5.2 with glacial acetic acid and add MQ water to 
100 ml. Aliquot and autoclave it.
O.IM Potassium Phosphate buffer (pH 6.7)
Make the following solutions (A and B) separately, then mix to obtain correct pH (6.7):
A. O.IM KH2P04 (monobasic) Add 13.6 g KH2P04 to 1 1 of MQ water
B. O.IM K2HP04*H20 Add 17.4 g K2HP04*H20 to 1 1 of MQ water
Add K2HP04 solution to KH2P04 solution to bring the solution up to pH 6.7.
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Diethyldithiocarbamic acid (DIECA) 20 mM
To obtain a 20 mM DIECA (PM=171.3) solution dissolve 3.426 g of DIECA in 1 liter 
of MQ water. Do not autoclave it as it change colour.
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Brief glossary of beekeeping terms
Apiary = A bee yard.
Beehive = A box with movable frames, used for housing a colony of bees.
Beekeeper = One who keeps bees. An Apiarist.
Beeswax = A substance that is secreted by bees by special glands on the underside of 
the abdomen, deposited as thin scales, and used after mastication and mixture with the 
secretion of the salivary glands for constructing the honeycomb.
Brood -  Immature bees not yet emerged from their cells; in other words, egg, larvae or 
pupae.
Capped brood = Immature bees whose cells have been sealed over with a brown wax 
cover by other worker bees.
Castes = The three types of bees that comprise the adult population of a honey bee
colony: workers, drones, and queen
Cell = The hexagonal compartment of a honey comb.
Colony = The aggregate of worker bees, drones, queen, and developing brood living 
together as a family unit in a hive or other dwelling
Comb = The wax portion of a colony in which eggs are laid, and honey and pollen are 
stored shaped like hexagons.
Drifting = The movement of bees that have lost their location and enter hives other than 
their own home.
Drone = The male honeybee which comes from an unfertilized egg (and is therefore 
haploid) laid by a queen or less commonly, a laying worker.
Drone comb = Comb that is made up of cells larger than worker brood, usually in the 
range of 5.9 to 7.0mm in which drones are reared and honey and pollen are stored.
Drone brood = Brood, which matures into drones, reared in cells larger than worker 
brood. It is noticeably larger than worker brood and the cappings are distinctly dome 
shaped.
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Drone layers = A drone laying queen (one with no sperm left to fertilize eggs) or laying 
workers.
Drone laying queen = A queen that can lay only unfertilized eggs, due to age, improper 
or late mating, disease or injury.
Dysentery = A condition of adult bees characterized by severe diarrhea (as evidenced 
by brown or yellow streaks on the front of the hive) and usually caused by long 
confinement (from either cold or beekeeper manipulation), starvation, low-quality food, 
or nosema infection.
Eggs = The first phase in the bee life cycle, usually laid by the queen, is the cylindrical 
egg 1/16in (1.6 mm) long; it is enclosed with a flexible shell or chorion. It resembles a 
small grain of rice.
Fertile queen = An inseminated queen.
Fertilized = Usually refers to eggs laid by a queen bee, they are fertilized with sperm 
stored in the queen's spermatheca, in the process of being laid. These develop into 
workers or queens.
Field bees = Worker bees which are usually 21 or more days old and work outside to 
collect nectar, pollen, water and propolis; also called foragers.
Forage = Natural food source of bees (nectar and pollen) fi*om wild and cultivated 
flowers.
Frame = A rectangular structure of wood designed to hold honey comb, consisting of a 
top bar, two end bars, and a bottom bar.
Gloves = Leather, cloth or rubber gloves worn while inspecting bees.
Guard bees = Worker bees about three weeks old, which have their maximum amount 
of alarm pheromone and venom; they challenge all incoming bees and other intruders. 
Hemolymph = The scientific name for bee blood.
Hive = A man-made home for a colony of bees.
Honey = A sweet stiky material produced by bees fi’om the nectar of flowers, composed 
largely of a mixture of dextrose and levulose dissolved in about 17 percent water; 
contains small amounts of sucrose, mineral matter, vitamins, and enzymes.
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Hornets and wasps = Social insects belonging to the family Vespidae. Nest in paper or 
foliage material, Fairly aggressive, and carnivorous. Hornets and Wasps are easy to 
distinguish by their larger size, shiny hairless body, and aggressiveness. Honey Bees are 
generally smaller, fuzzy brown, and basically docile in nature.
Italian bees = A common race of bees. Apis mellifera ligustica, with brown and yellow 
bands, from Italy; usually gentle and productive, but tend to rob.
Larva, open = The second developmental stage of a bee, starting the 4th day from 
when the egg is layed until it's capped on about the 9th or 10th day.
Larva, capped = The second developmental stage of a bee, ready to pupate or spin its 
cocoon (about the 10th day from the egg).
Leg baskets = Also called pollen baskets, a flattened depression surrounded by curved 
spines located on the outside of the tibiae of the bees' hind legs and adapted for carrying 
flower pollen and propolis.
Mandibles = The jaws of an insect; used by bees to form the honey comb and scrape 
pollen, in fighting and picking up hive debris.
Mating flight = The flight taken by a virgin queen while she mates in the air with 
several drones.
Migratory beekeeping = The moving of colonies of bees from one locality to another 
during a single season to take advantage of two or more honey flows or for pollination. 
Nectar = A liquid rich in sugars, manufactured by plants and secreted by nectary glands 
in or near flowers; the raw material for honey.
Nest = A feral bee “house”. A colony that has built it's nest in the open limbs of a tree 
(open-air nest) or in a hollow of it.
Nucleus = A small colony of bees often used in queen rearing or the box in which the 
small colony of bees resides. The term refers to the fact that the essentials, bees, brood, 
food, a queen are there to grow into a colony, but it is not a full sized colony.
Nurse bees = Young bees, usually three to ten days old, which feed and take care of 
developing brood.
Parthenogenisis = The development of young from unfertilized eggs laid by virgin
females (queen or worker); in bees, such eggs develop into drones.
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Pollen = The dust-like male reproductive cells (gametophytes) of flowers, formed in the 
anthers, and important as a protein source for bees; pollen is essential for bees to rear 
brood.
Pollen basket = An anatomical structure on the bees legs where pollen and propolis is 
carried.
Proboscis = The mouthparts of the bee that form the sucking tube or tongue 
Propolis = Plant resins collected, mixed with enzymes from bee saliva and used to fill 
in small spaces inside the hive and to coat and sterilize everything in the hive. It has 
antimicrobial properties.
Propolize = To fill with propolis.
Pupa = The third stage in the development of the bee during which it is inactive and 
sealed in its cocoon.
Queen -  A fully developed female bee responsible for all the egg laying of a colony. 
Queen cell = A special elongated cell in which the queen is reared; usually over an inch 
in length, it hangs vertically from the comb.
Requeen = To replace an existing queen by removing her and introducing a new queen. 
Robbing = The act of bees stealing honey/nectar from the other colonies.
Royal jelly = A highly nutritious, milky white secretion of the hypopharyngeal gland of 
nurse bees; used to feed the queen and young larvae.
Spermatheca = A small sac connected with the oviduct (vagina) of the queen bee in, 
which is stored, the spermatozoa received in mating with drones.
Split = To divide a colony for the purpose of increasing the number of hives.
Sting = An organ belonging exclusively to female bees developed from egg laying 
mechanisms, used to defend the colony; modified into a piercing shaft through which 
venom is injected.
Surplus honey = Any extra honey removed by the beekeeper, over and above what the 
bees require for their own use, such as winter food stores.
Swarm = A temporary collection of bees, containing at least one queen that split apart 
from the mother colony to establish a new one; a natural method of propagation of 
honey bee colonies.
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Swarming season = The time of year, usually late spring to early summer, when 
swarms usually issue.. ,
Virgin queen = An unmated queen bee.
Wax glands = The eight glands located on the last 4 visible, ventral abdominal 
segments of young worker bees; they secrete beeswax flakes.
Wax scale or flake = A drop of liquid beeswax that hardens into a scale upon contact 
with air; in this form it is shaped into comb.
Worker bees = Infertile female bee whose reproductive organs are only partially 
developed, responsible for carrying out all the routine of the colony.
Worker comb = Comb measuring between 4.4mm and 5.4mm, in which workers are 
reared and honey and pollen are stored.
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A B S T R A C T
Acute bee paralysis virus (ABPV), Kashmir bee virus (KBV) and Israeli acute paralysis virus (lAPV) are part 
of a complex of closely related viruses from the Family Dlclstrovirldae. These viruses have a widespread 
prevalence In honey bee (Apis melB/ku) colonies and a predominantly sub-dlnical etiology that contrasts 
sharply with the extremely virulent pathology encountered at elevated titres, either artificially Induced or 
encountered naturally. These viruses are frequently Implicated In honey bee colony losses, especially 
when the colonies are infested w ith the parasitic mite i/mroa destructor. Here we review the historical 
and recetK literature of this virus complex, covering history and origins; the geographic, host and tissue 
distribution: pathology and transmission; genetics and variation; diagnostics, and discuss these within 
the context of the molecular and biological similarities and differences between the viruses. We also 
briefly discuss three recent developments relating specifically to lAPV, concerning Its assoclaüon w ith Col 
ony Collapse Disorder, treatment of lAPV Infection w ith si RNA and possible honey bee resistance to lAPV.
Crown Copyright O 2009 Published by Elsevier Inc. All rights reserved.
1. ImtMMhacdtm
Acute bee paralysis virus (ABPV), Kashmir bee virus (KBV) and 
Israeli acute paralysis virus (lAPV) are closely related viruses bom 
the Family Dkistroviridae that can be best analysed as a complex 
of related species, using their similarities arxi difkrences to iden- 
tiiy and Hnk the important components of genetic and biological 
variation. Apart bom their close genetic relationship they share a 
number of biological characteristics, such as the principal routes 
of transmission, the primary host life stage, and a low but wide­
spread prevalence with a predominantly sub-dinical etiology that 
contrasts sharply with the extremely virulent pathology encoun  ^
tered at elevated titres, either artlHciaUy Induced or encountered 
naturally. The viruses are naturally highly variable, complicating 
both reBable diagnosis and dassibcatlon.
2. Hhtmry and dktrlbutlBm
The history of the discovery, distribution, pathology and sea­
sonality of ABPV and KBV has been reviewed in great detail re-
« C o im pood ing  author. Addmss: D ep am n m t of Ecology. PO Box 7044. a w d k h  
U rtiw n iiy  o f A grkultural Sdencr*. 7504)7 Uppsala. Sweden. Fax: *46 IS 672S90 
E mod od d re ir jn ad drn a e .mbamdsB ebel.rlu s e  (|R  de M iranda j
cently (Blbi&e et al. 200B), while lAPV is a more recent addition 
to this group. These viruses were all discovered In a similar man­
ner; as a consequence of virus propagation In white-eyed honey 
bee pupae. This technique involves iryecting a small volume of 
puribed or crude extract between the Integuments of white-eyed 
pupae, and was Initially developed Ibr producing enough virus 
for raising antibodies. However, It soon became evident that occa­
sionally unrelated viruses were amphbed this way (Balky et al. 
1903). ABPV was thus discovered as an unintended by-product 
during transmission studies with chronic bee paralysis virus 
(CBPV) (Balky et aL TBB3: Mhike et al, 3010). KBV was similarly 
discovered in 1974 as a contaminant in preparations of Apis irides 
cent virus bom the Aslan hive bee (Apis cerrmo) that multiplied to 
high litres when Ir^ected or fed to adult Apis meHi/enr (Balky et al. 
1970,1979). lAPV was initially puribed In 2002 aber propagating 
the extract of a sbsgk bee bom a cluster of dead bees bund In boot 
of failing hives near Alon Hagalil In Israel (Maori et aL 3007ah) 
The original host of ABPV is probably A melK)bm, although it has 
also been detected by inkctivity tests In bve bumble bee species, 
but not in several non hymenopteran insects (Balky and CBibs, 
19B4; ABen and BaB, 1996; BWdke et al, 200B). The host origin 
of KBV is more obscure It has been detected in A cemno from 
Kashmir (BaBey and Woods. 1977), India (BaBcy et aL 1979) and 
Papua New Guinea (ABem and BaB, 1996) as well as in A meifÿêni
0022 201 I/s see front m su e r Crown Copyright o  2009 f\:blhfied by EUevier Inc. All righ t: rw erw d . 
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populations bom around the world (#a# and Bailey, 1997; ABen 
and Ball, 1995, 1996), in bumble bees from New Zealand and 
European wasps (Vespulo germonfco) from Australia (Anderson, 
1991). lAPV was characterised only recently (Maori et al, 
2007a,b) and its phylogenetic position in relation to ABPV and 
KBV suggests that it may well have been classiBed previously 
as a variant of KBV. So far, the only known host of lAPV is 
A meHi/êm (Maori et aL 2007a,b; Palacioe et aL 2008; Chen and 
Evans, 2007).
ABPV, KBV and lAPV have a worldwide distribution (Allen and 
BaB, 1996; EBis and Munn. 2005). Fi^ 1 indicates only where these 
viruses have been detected. Countries which have not completed 
surveys (in grey, large parts of Africa, Central Asia and South 
America) should therebre not be presumed virus bee. The preva­
lence, regional distribution and seasonal incidence of these three 
viruses across apiaries are variable according to the virus and the 
area of study. Generally speaking, ABPV appears to be the most 
common of these viruses in Europe (BaB and AMen,19BB; KuHnfevK 
et aL 1990; Varis et al. 1982; Topolska et aL 1995; Bébésl et aL 
1999; Nordstrom et aL 1999; Bakonyi et aL 2002ajr; Siede and 
BOchler, 2006; Berdnyl et aL 2006; Tentcheva et aL 2004; Siede 
et al, 2005; Gauthier et aL 2007; Ward et aL 2007; Baker and 
Schroeder, 200B; Bünchard et al, 20QBb; Nielseo et aL 200B) and 
South America (Antuoez et aL 2005, 2006; WWnstein-TelxeIra 
et al, 200B), KBV in North America (Bruoe et aL 1995; Hung 
et aL 1996bf, 2000; Cort-fbster et aL 2007) and New Zealand 
(Todd et aL 2007) and lAPV in the Middle East and Australia (Maori 
et aL 2007a; Palados et aL 200B). Seasonally, ABPV and KBV tend 
to increase in prevalence and titre as the season progresses, with 
ABPV peaking a little earlier (late summer) than KBV (autumn; 
BaBey et aL 1981; Ball and ABen, 1988; Bailey and BaB, 1991; 
Tentcheva et al. 2004; Siede and Büchler, 2006; Gauthier et aL 
21X17). This seasonal fluctuation in ABPV/KBV prevalence and titre 
is similar to that of theb closest genetic relative, Solenopsis invkta 
virus (SlnV-1 ; VaBes et aL 2004, 2007), also a virus of a social 
hymerxrpteran (the Are ant), where viral titre is thought to be re­
lated to the growth rate of the colony (VaBes et aL 21X17).
3. PathoMgy and trarMxnbsbMi
The pathology of ABPV, KBV and lAPV is quite similar at the le­
vel of the individual bee and the colony (Bibiëre et d,, 2008). Like 
most dicistroviruses (Christian and Scotti, 1998; VaBes et aL
2007), they normally persist at low titres as rather common, pre- 
sumab^ covert infections within the colony, with no obvious 
symptoms at the individual or colony level However, they are ex­
tremely virulent when injected into pupae or adults (BaMey et aL 
1963; DaB, 1985, 1987; Balky and BaB, 1991; Bibiëre et aL
2008), with less than 1 0 0  particles required to cause death within 
a few days, and the same effect can also be achieved by feeding 
around 1 0 "  virus particles per bee (BaBey et aL 19R; Bailey 
and Woods, 1977; Balky and Ball 1991; Nordstrom, 2000; Maori 
et al, 2007a; BBHëre et aL 200B). For ABPV and lAPV, but not 
KBV (Bibiëre et aL 200B; Maori et aL 2007a), the death of lethally 
infected adults is preceded by a rapidly progressing paralysis, 
including trembling, inability to Ay and the gradual darkermng 
and loss of hair from the thorax and abdomen (Barky et al, 
1963; Bibiëre et al, 2008; Maori et aL 2007a). Paralysis is also a 
symptom of other dicistroviruses, such as cricket paralysis virus 
(CrPV; Scotti et aL 1981; Christian and Scotti 1998) and aphid 
lethal paralysis virus (AlPV; van Munster et al, 2002). One paradox 
is that this paralysis at the individual level only rarely translates to 
evidence of mass paralysis at colony level (e.g Maori et aL 2007a), 
even In cases where the virus is known to have caused the death of 
the colony (BaBey et aL 1979; Bëkësi et al. 1999; Bibiëre et al, 
2008). One possibk explanation Is that rapid progression from 
paralysis to death prevents the accumulation of sufHcient live par­
alytic adults for such effects to be noticed at the colony level This 
may be why colony-level symptoms of mass paralysis are usually 
associated with chronic bee paralysis virus (CBPV; BaBey et aL 
1963; Bibiëre et al, 2008; Bibiëre et al, 2010), which develops 
more slowly and retains the paralytic behaviour for longer. One 
observation associated with severe ABPV and KBV infection is a 
sharp decline in the adult bee population (BaB and ABen, 1988; 
Hung et al, 1995, 1996c; BBBëre et al, 2008; Todd et al, 2004),
w #
1 %  1. W orld d in rib u tio n  olABPV. KBV *nd lAfV by oounuy D*t* w erecom pilod  IT om A nM r*#d#ê8(l9e4 iaU sM dM unm (a0C @ ]L r* ten rpub lk*doM  « id  h o m p u b b ih e d  
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Ksuldng in the appearance of diseased larvae and pupae due to the 
ktdc of adults to tend the brood.
ABPV accumulées in the brain and hypopbaryngcal ^ands of 
the adult bee host (Bailey and Mflne, 19Gd], and ABPV and KBV 
o n  also be readily detected in 6 eces (Ribière A aL. 2008; Hung, 
2 0 0 0 ) implying several oral transmissloo routes involving adults, 
larvae, cannibalised brood, contaminated food and/or laeces (Chen 
A aL, 2006a; Chen and Siede, 2007). This strong association of the 
virus with the alimentary canal b  also a very common feature of 
the dkbtio- and iflaviruses (Christian mrd ScodJ, 1998; Valles 
et al, %X)7). ABPV has also been detected in semen (Yue et aL, 
2006) and KBV has been detected in surCace>sterflised eggs (S » i  
et aL, 2005a; Chen et aL, 2006b), although not hi the ovaries of 
the corresponding queens (Char et é ,  2006b). The absence of 
KBV in Ae semen studies in Europe (Yue et aL, 2006) and of ABPV 
in the queai studies in the USA (Chen et aL, 2006b) may be more 
related to the natural geographic distribution of these viruses, than 
to their inability to infect these tissues. Although the vinoes can 
also Inhcc the larval and pupal stages (Horrdtzky, 1987; Ball and 
Allen, 1988; Bailey and BaH 1991; Bmdsgaard et aL, 2000; Shen 
et aL, 2005a; Riblèie é  aL, 2008) especially in lethally infected col­
onies, they appear to be naturally more prevalent in adult bees, 
with ABPV the most likely of the three to also be detected in the 
brood (Tentcbeva et aL, 2004; Cauthle et aL, 2007; de Miranda, 
Toumaire, Paxton and Gauthier unpubBshed). Such observations 
of relative inevalence between the différait life stages of bees 
should be interpreted cautiously, however, and within the context 
of the colony population dynamics, because diseased brood b  nor­
mally ra|dd|y removed or canidbalbed by the adult population, 
thereby escaping detection. In failing colonies with a dwindling 
adult population such hygienic behaviour b  compromised, making 
it possible to Idoitilÿ diseased larvae before the bees ronove them.
Considering the extreme virulence of these viruses upon injec­
tion into the bee haemolymph, it b  not surprising that all have 
been strongly assodéed with Mtrroo destructor, a recently ac­
quired parasitic mite of Ajds meUffera that feeds on the haemo­
lymph of adulb and pupae ( Balky and BaH, 1991; Ribière et é ,  
2008). ABPV has been heavily bnplicated in varroa induced colony 
losses, primarily in Europe in the 1980s-1990s (BaU, 1985; BaU, 
1M7; Allen et aL, 1986; Ball and Allen, 1988; Bailey and BaO, 
1991: Faucon et aL. 1992; Békèd et aL, 1999; Boènyl et aL, 
2006). Vanoa can transfa ABPV among adulb and pupæ with 
50-80% efRdency, depoiding on the sensitivity of the detection 
metluxl used (Wlegnrs, 1988; BaU, 1989). Thb egdency drops 
with successive transfers and there b  no noticeable latent period 
betweoi acquisition and tratmnbsion, whkh suggesb that tfaoe 
b  no virus rqdication in the mite (Wtegers, 1988). A rimilar rela­
tionship exbb between varroa and KBV, indudtng a dmUar trans­
missloo efkkocy (Chen etaL, 2004a; Shen et aL 2005b), detection 
of KBV in varroa saliva (Shen é  aL 20(Sa), and implication in var- 
roa-assodated colony losses (naâey et aL iv /b ; nung et aL 1995; 
Hung A aL 1996c; Todd et aL, 2007; Ribière et aL 2008). These 
interactions have been modelled, to predict the complex seasonal 
dynamics of bee and mite population growth, and colony winter 
survival as affected by ABPV transmission I9  mites and bees 
(Martin, 2001; Sumpta éW Martin, 2004).
little b  known spedficafiy about the trananbskm routes of 
lAPV, although much historical evidence may be obscured by the 
lUcefihood that lAFV may have been dassifled as a strain of KBV 
during these earlier studies, especially those from Australia where 
lAPV appears to be particularly prevalent (e*  Honikzky. 1987; 
DdL 1985,1987; Anderson and Gibbs, 1988; Andersbn and East,
2008). Nearly 80% of adult bees infected oral^ with lAPV die with­
in a week, with little difference across a 1 0 0 0 -fold range of inocu-
T d k l
Summuy of recorded U rfe-ic^  odoey lomen from 930 to 200a After Underwood end vwiKngehdorp (2007).
Vemr ■ Inrirtnn Citation
asa 993,1443 IieUnd FtemmtaB(l87i)
- 186B Kentucky. Tennessee Anoinymous(l8G9)
1872 AustnBa . Beuhne(l910} , .
1906 bleofW l(ht . . Rantde e t a t (1921) and Kdiamose (1922)
1910 Australie Beuhne(1910) -
1913 Portland, O r c ^ Boot and Boot (I9to)
1915 Flortda to CaUforob Tew (2002) ; .
; 1917 United States Boot and Boot (1923)
1917 New Jersey, Canada Carr (1918)
1949-1946 Baden. Germany <Gnlénger (1984)
1960'f Louisiana, Teus WUUams and Kaulteid (1974)
1960y Louisiana, Texas KaulMd(1973)
1960‘s IwiWana BobetBe(I978)
■ 1962-1963 Baden, Germany GnMlBfer(1984)
1963-1964 Louisiana. Oertel(19GS)
1964 CallfomU Foote (1966)
1970‘s ■ Mexico Mrai(l977)
1970‘s Seattle, Washlnftan Thurber(l976)
1970‘s USA survey Wilton and Mrnapare (1979)
: 1972-1973 Baden, Germany C n l«o |e r(l9 i4 )
1974 Texas KardMd et a l (19761
1975 AustraHa 0Uey(1976)
1977 Mexico KwW«K«t&(l##4)
1978 Florida KulinEevtfecaLdMI)
1984-1985 Baden, Germa ey CnSdiBStf (1984)
: 1990 France Faucon et a l (1992)
i99(rs USA . . . Shimanukletal(1994)
1 9 9 3 -in6 Pennsytnnta R b aye ta l(l096 ) •
1999-2000 France Faucon et a t («XI2)
1998-2000. Hungary. Bfkdsi et a l (1999) and Bakonyl et a l (2003W
. 2003 Alabama . Tew, 2002
- 2003-2003 Northern Europe Swnsson (20091 .
2004-3006 Austria B H W W etaL cW
7006-2009 . USA tnnSBfrfrdHsp at a l (3007,2009) and vaitFhgsMmrp and Uabxer (3010)
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him concentrations (Maori et al. 2008). This rapid adult mortality, 
described independently for ABPV. KBV and lAPV, as we# as their 
relative absence in the larval stages, is interesting in the light of 
the Identihcation of lAPV as a major risk indicator Ibr Colony Col­
lapse Disorder (CCD; Cox-Poster et al. 2007). This condition is 
characterised by the rapid depletion of adult bees from otherwise 
apparently healthy colonies, leaving just the queen with a small 
number of young workers and often large areas of unattended 
brood. Food stores are generally unaffected by robbing bees or 
honey bee comb pests such as wax moths or small hive beetles 
for several weeks alter the collapse (Underwrxid and vaoEngels- 
dorp, 2007; vanEngelsdorp et al, 2007, 200#).
Large-scale bee losses with apparently cryptic causes have been 
reported throughout history, starting with "The great mortality of 
bees" in Ireland in 950, 992 and 1443 (Flemming 1871). There is 
increasing documentation of extensive colony losses worldwide 
from the late 19th century onwards, many with symptoms similar 
to CCD (Underwood and vanEngelsdorp, 2007; vanEngelsdorp and 
Melxner, 2010; Table 1). Each documented decline sparked ani­
mated debates across the scientific community discussing the po­
tential causes (Bennie et aL 1921; Bailey, 1964; OerteL 1965; 
Foote, 1966; KauiWd. 1973; Olky, 1376; Thurber, 1976; Wilson 
and Menapace, 1979; Sbhnanukl et aL 1994; Tew, 2002; Svensson, 
2003; Anderson, 2004), generally without a clear-cut resolution. 
This response is also true for CCD, with parasites, viruses, pollen, 
nectar, pesticides and stress all implicated (Con-Foster et aL 
2007; Stokstad, 2007a,b; OMioyd, 2007; Anderson arul East. 
2008; Cost-Foster et aL 2008). One highly diagnostic feature of 
CCD, and other historic "disappearing" disorders, is the absence 
of dead adult bees In or near the hive (vanEngelsdorp et aL 
2007, 2008; Cox-Foster et aL 2007) or signs of thseased brood, 
which is highly atypical for a monocausal Infectious disease and 
more symptomatic of acute poisoning or possibly a prolonged 
brood-hee spell that upsets the age distribution of the bees. How 
ever, neither direct poisoning nor brood rearing problems were 
associated with CCD (vaoEmgdsdorp et al, 2007,2008; Cox-Foster 
et aL 2007). More recent data suggested that KBV, rather than 
lAPV, was a significant marker of colonies displaying CCD symp­
toms (Pettis. 2008). In central Europe, prior to CCD, ABPV was be­
lieved to be a significant co^lactor in the unexplained depopulation 
of hives, usually in spring (Berényi et aL 2006). Further work Is, 
therefore, required to elucidate the precise role(s) ABPV, KBV or 
lAIV play in tins syndrome (Anderson and East. 2008; Cox-Foster 
et al, 2007,2008; vanEngelsdorp et aL 2008), including the inter- 
changeability of these closely related viruses as risk indicators, and 
the possible existence of other environmental biological or behav­
ioural cues that could have precipitated the dramatic, widespread 
and simultaneous coBapses seen with CCD. A detailed review of 
CCD and other honey bee declines can be found elsewhere in this 
issue (vanEngelsdorp and Melxner, 2010L
4. Genetks and varladon
The bask genome organisation of ABPV, KBV and lAPV is typical 
for the Dkistioviridae: a single positive strand KNA containing two 
open reading frames (ORF), separated by an intergenic region (KK) 
and flanked by non-translated regions (Mg. 2). The larger ORF Is lo­
cated in the S' half of the genome and encodes the non-structural 
proteins involved in virus replication arxl processing. The shorter 
ORF is located towards the 3' end of the genome and encodes the 
structural capsid proteins found in the viral particle, and the gen­
ome is naturally poly-adenylated at the 3' end (Covan et aL, 
2000; de Miranda et al. 2004; Maori et al, 2007a). The mqjor func 
tkmal domains associated with the helkase, 3C-protease (3C-pro) 
and RNA-deperxlent RNA polymerase (RdRp; Corbalenya and Kbo- 
nin, 1989; Koonim and Delia, 1993) can be readily identified, as 
well as two capsid protein domains, and these have been described 
m detail for all three viruses (Covao et al, 2000; de Mkasxla et al, 
2004; Maori et al, 2007a). The helkase domains include the puta­
tive NTP-binding residues (CxxCxCKS and DD; Corbalenya and 
Kormln, 1989) in domains A and B, respectively. The 3C protease 
contains both the putative substrate binding modf (CxHxxC) and 
the cysteine protease motif (CxCG), with the cysteine forming a 
catalytk triad with a histidine and either an aspartate or glutamate 
(Corbalenya et aL 1988; Koordm and Dr#a, 1993; Ryan and FKnt, 
1997), while the RNA-dependent RNA polymerase contains all 
eight recognised domains. Including the universal polymerase mo-
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tif (YCDD) in the pol-VI domain (Koonim and 1993). Phor to 
the SC-pioteaK domain there are one or more signatures Ibr the 
genome-linked viral protein (VPg) (Hg. 2; Nakashima and SMhuya. 
2006), a small protein common to most positive strand RNA 
viruses that stabilises the S' end of the genome and is involved 
in genome replication, translation and movement (Héhrard et aL.
2009). The two polyproteins are processed by protease digestion 
to produce the functional proteins, with the virus-encoded 3C-pro- 
tease providing most of the protease activity (Fig. 2; Gromeier 
et aL. 1999; van Mtmster et aL, 2002). The general furKtionality 
of the genome, as well as the number and sizes of the capsid pro­
teins and the resultant particle shape and size, is similar to that of 
other picoma-like viruses (Cronmeier et al., 1999).
One particular katisre of the Dicistroviridae is the presence of 
an ICR harboring a highly conserved Internal Ribosome Entry Site 
(1RES; Fig. 3). IRESs have also been identiHed in the S' untranslated 
region (yUTR) of picornaviruses (Fexnindez-MiragaH et aL, 2009; 
Bebham, 2009) as well as in other dkislroviruses (jar^ 2006). They 
are thought to be a means for the virus to avoid, and possibly dis­
rupt, the host's CAP-dependent mRNA translation mechanism 
(Carter and Cenersch, 2006; Belsbam, 2009), smce IRES-mediated 
translation requires b r  fewer host factors than CAP-dependent
translation (Pestmra et al, 2004; Pestnva and HeNem, 2006). The 
presence of an 1RES in the dicistrovirus ICR re-emphasises this 
strategy, and also provides a means for the virus to dilfereiRially 
regulate the translation of its two ORFs ( WRsom et aL, 2000; Carter 
and Cenersch, 2006)^
The relevance of this with respect to analysing the difFereoces 
and similarities within the A6 PV-KBV-IAPV complex is whether 
each virus is able to replicate, translate and process exclusively 
its own gerxune and proteins, and thus retain its unique identity. 
Although ABPV. KBV and lAPV are closely related, they are not 
identical Despite considerable cross-reaction, they can be distin­
guished by serology (ANem and BalL 1995; Stoltzet aL, 1995; Maori 
et aL 2007a), capsid protein proAles (Bailey et aL, 1979; ABen and 
BaH, 1995; Todd et aL 2007) and by RT-PCR (Stoltz et al. 1995; 
Evan^ 2001 ; de Miranda, 2006; see later). The reason Ibr these un­
ique patterns in otherwise overlapping diagnoses appears to be the 
considerable scope within the genomes of these viruses for gener­
ating variation at both nucleotide and amino acid level (AMen *md 
BaB. 1995; Bahonyi et aL, 2002a; de Mkaoda et al, 2004; Paiados 
et aL, 2006). Moreover, this hmate variability appears to be greater 
for KBV Mid lAPV than it is for ABPV (Bailey et aL 1979; AMen and 
BaH, 1995; Bakonyl et aL 2002b; de Miranda et aL 2004; Palacios
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A al. 2008). and it appears to be most pronounced at the S' end of 
the genome (de Miranda et aL, 2004; Paiados et aL. 2008).
The efliect of this variability at the Amctional level is illustrated 
by Mgs. 2 and 3. Mg. 2 œmpares the putative BC-protease sites of 
ABPV, KBV and lAPV. The ton|dates for identifying the predicted 
sites are the experimentally determined sites, obtained from the 
N-terminal sequences of the VF2 and VP3 structural protdns of 
ABPV (Covan et al, 2000), KBV (de Miranda, unpublished) and lAFV 
(Maori et al, 2007a), as well as of several non-structural proteins of 
related didstroviruses (Nakasbhna and Nakainura. 2008). There 
are two items of interest here; tte  relative positknis of the protease 
sites in the three viruses and the degree of amino add similarity, 
both at each dte and between sites. FOr the non-structural ORF, 
the position of the sites is taken relative to the first consensus 
in-frame methionine residue (Covan et al, 2000; de Miranda 
et al, 2004; Paiados et al, 2008)  ^For the structural ORF, the posi­
tions of the protease sites were taken relative to the first amino 
add predicted by the 1RES analysis (Mg. 3; Paiados et al, 2008) 
radier than the first AUG. as originaDy published (Govan et al, 
2000; de Miranda et al, 2004; Maori et al. 2007a). Fig. 2 shows 
that the relative positions of the protease sites change dramaticaBy 
over the course of each ORF. For the non-structural ORF there is a 
diffmnce of 19 amino adds between ABPV and lAFV in the loca­
tion of the first two protease sites, decreasing to 1 2  amino adds 
for the C-terminal heUcase site and then increasing to 49 amino 
adds for the 3C-pro and RdRp sites. Similarly, whUe the KBV aid 
lAPV sites are practically in the same positions (br the first three 
sites, they dilGcr by 17 amino acids for the last two sites. For the 
structural ORF the most dranatk change is the 13 amfaio add in­
crease in the relative position of the ABPV sites between the 
VP2-VP4 and the VP4-VP3 junctions. The corresponding Increase 
in the size of the VP4 protein is readily noted on SDS protein gds 
(Stoltz et al, 1995). These changes in the relative positions of the 
protease sites are indicative of insertions and deletioos in the ami- 
oo add sequence, and the extent to which this occurs between 
otherwise closely related viruses reflects the ease with wMcfa such 
nutior, protein-ievel variational changes are generated. The second 
analysis concerns the pauem of conservadon between the prote­
ase sites, both between vinrses and between sites. The brown col- 
otrred amino adds are conserved between the three viruses for 
each site. The most impressive degree of oonsavatioo is for the 
VP4-VF3 cleavage site (AAIFGW/SKPR). This site is abo highly con- 
saved between dlfHerent didstroviruses (van Mtmster et aL 2002) 
and is most likely processed airtocatalytlcally (Le. without a prote­
ase) Grom a VP4-VP3 precirrsor, inside the mature virion (lOJas 
et aL 2002). The remaining proteolytic sites conform to the basic 
requiranertts for viral 3C-proteases (Pabnenberg. 1990; Gromeier 
et aL 1999). Between all sites the gmieral SC-pntease recognition 
sequence is IKVxMQÎ with the iHOteolysis occurring right a fta  the 
glutamine (Q) residue. There are deviations from this sequence at 
individiral sites, consensual changes even (for example; VkVxMQ 
at VPg-3C-pro, or KXVxMQ at VP2-VP4), reflecting perhaps the rd- 
ative importance of these consaved variants (br (unctionality, or a 
means Cor the virus to regulate polyprotein processing through the 
variable efficiency of the 3C-protease at different sites. The ranain- 
ing positions in the potease sites, both upstream and downstream 
of the spiking site, have varying degrees of conservadon wiihln 
each site, but Ifftle bdweai the sites, which may also reflect the 
need for dilFeiaitial proteofytk efficiency at the different sites. 
The final observation concerns the relationship between the three 
viruses, as revealed by these protease sites. For the first four sites 
of the non-structural ORF, the KBV and lAPV sites taid to be more 
similar (green amino adds), reflecting the overall phylogenetic 
relationship between ABPV, KBV and lAPV (Ffy. 4, Table 2). How­
ever, the 3C-|HO-RdRp and VP2-VF4 sites are more closely related 
between ABIV arxl lAPV (pirrjde) while the VP3-VP1 site is much
more dosefy related between ABPV and KBV (orange). There are 
three possiUe explanations (or these obsmvations. The differences 
are accidental, reflecting their (lack of) importance to the protease- 
mte interaction. Alternatively, the changing affiliations reflect rela- 
tropsMp by descent, with. reoombbiation between the viruses 
explaining the currmt composition of the viruses. In this scenario, 
recombination between ABPV and lAIV explains the similarity of 
their 3C-pro-RdRp and VP2-VP4 sites, and between ABPV and 
KBV the similarity of their VP3-VP1 sites. This theory has support 
horn the considerable degree of intra-spedfic recombination found 
(br many RNA viruses (Nagy and Sirnon, 1997; lukashev et al, 
2003), induding the ABPV-KBV-IAPV complex (Maori et ai, 
%XT7aji; Paiados et aL 2008). Finally, the changing affiliations of 
the protease sites can reflect a functional relationship, in which 
case they are due to evolutkmary convergence. Le. where diffoent 
lineages converge towards a common amino add pattern, driven 
by functional selection pressures. In this hypothesis, the ABPV pro­
tease would be able to process the KBV VP3-VP1 site, but not the 
VP2 -VP4  site, and vke verso (br the corresponding lApv sites. 
The differential ability of the three viruses to cross-process each 
others' polyproteins would (arovide each with a measure of compe- 
ritkm (disrupting each others' proteofytk processing patterns) and 
hence a unicpre identity within an otherwise highly reliUed gendk 
avironmmit (ifyan and Flint. 1997).
Most Dkefy all these mechanisms are or have been important in 
shaping the genomes within this species complex. Howevm. 
recombination and convergence have the additional ^ k c t of se­
verely disrupting reconstruction of the phylogenetk relationships 
between the viruses. Le. the history of their descent and origins. 
The effect of this is rxited primarily in the instability of the branch­
ing patterns, indicated by weak statistical (bootAiap) support 
(Mg. 4). If recombination or convergence is rare, or limited to dose 
relatrwM, their effect on phylogenetk reconstruction will be biff- 
fered tq/ more conventional patterns of evolution elsewhere in 
the genome. Howevg, frequent recoqibination and convergence 
may provide the main explanation for the often difficult a id  unsta­
ble phylogenetk reconstructions between these vfauses (Evans, 
MOi; Bakonyl et aL 2002a; de Miranda et aL 2004; CoK-fosm’ 
et aL 2007; Todd et al, 2007; Palacios et aL 2008; Blanchard 
et aL 2008b). The phylogram in Mg. 4 concoru a 349 nucleotide 
section of t te  RdRp gene, one of t te  more conserved sections of 
tte  genome arxl a fragment for whkh still the largest numba of 
taxa are available across all three viruses, mostly in t te  KBV-IAPV 
groups. Tte well-suiqxuted separation between ABIV, KBV and 
lAFV is also seen when other sections of the genome are analysed 
(de Miranda et al, 2004; Cox-R»ter et aL 2007; Palacios et al, 
2008; Blanchard et aL 2008b), including the peculiar 'floating' iso­
late from Hungary, positioned betwran ABPV arxl KBV-IAPV (de 
Miranda A aL 2004; Paiados et aL 2008). Branch support weaknos 
rxrtkeabfy within each virus. Branch support does not Improve sig­
nificantly wten induding more diaractms (hrgn genome sec­
tions) or analysing amino add sequences (neutralising t te  effect 
of codon redundancy). This may, therefore, reflect the influence 
of recombination and convergence on the generation and selection 
of variation. This pattern of variable branch support across the 
jdiylogeiy is also seen (br other bee viruses (Grabensteiner et aL 
2001; Fotsgren et aL 2009; Blanchard et al, 200aa; de Miranda * 
and Genersch. 2010). Even so, irdemaUy conserved sequence 
groups can still be identified at the terminal branches, pardcularfy 
for lAPV, hxl (rating that these isolates are relatively stable genetic 
entitia. Thoe are 2 to 4 sUch genetk groups (or lAPV, depending 
on tte  isolates used, tte  genomk region analysed and tte  phyloge­
netk criteria arqdrved (Qn-Foster et aL V)07; Chmi and Evans, 
2007; Blanchard et al, 2008b; Prffados et aL 2008). These gener­
ally include a largely EurAsian group typified by the Israeli isolates 
and North American and Australian groups that each may itxhrde
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Fig. 4. Phylogram depicting the relationships between KBV. lAPV and ABPV isolates, as inferred from a 349 nt section within the polymerase region, corresponding to nt 
5454-5802 of the KBV genome (4e Miranda et al., 2004). using Solenopsis invicta virus-1 (SnIV-1) as outgroup. The isolates were classified accortUng to their geographic 
origin, and their details are given in Table 1. The original phylogram was constructed by MECA-4 (Tamura et aL, 2007), using Minimum Evolution criteria The statistical 
strength of tlie nodes is shown as the percentage of correct partitions in a 1000 replicate bootstrap analysis, and is shown in bold for each internal branch, and in italic for the 
terminal node leading to each taxonomic genogroup Branches with less than 60% bootstrap support were collapsed. The lAPV and KBV isolates currently misclassified in the 
public DMA databases are shown in grey type. The isolates in black type are correctly classified. After de Miranda, Toumaire, Paxton and Gauthier (unpublished).
representatives from Australia and Europe/North America, respec­
tively. Similarly vague and uncertain geographic assignations can 
be observed for the ABPV and KBV internal sequence groups (de 
Miranda et al, ZtXH). The most obvious explanation for this limited 
and variable geographic identity of otherwise distinct sequence 
groups is that the isolates have been spread around the continents 
by the long distance transport of live bees, such as the queen and 
bee-package trade and migratory beekeeping (de Miranda et al, 
2004; Cox-Foster et al, 2007). From other phytogenies using differ­
ent genome regions, a large number of American (Cftx-Foster et al, 
2007; Chen and Evans, 2007; Palacios et aL 2008), French 
(Blanchard et al„ 2008b), and Chinese lAPV isolates can be added 
to top, middle and bottom lAPV groups in Fig. 4, as can a number 
of Central European and North American ABPV isolates (Bakonyi 
et aL 2002b; de Miranda et al, 2004) to the top and bottom ABPV 
sequence groups, respectively. Fig. 5 shows how the ABPV-KBV- 
IAPV complex relates to other didstroviruses and to the iflaviruses, 
a closely related group of insect viruses several of which also infect 
honey bees (Carter and Genersch, 2008; Oien and Siede, 2007; de 
Miranda and Genersch, 2010).
Further evidence of the high variability of the ABPV-KBV-IAPV 
virus complex can be found when analysing the nudeotide substi­
tution pattern of the open reading frames. Usually the vast major­
ity of nudeotide substitutions between related viruses occur in the 
third codon position, followed by the second and then the first co­
don position, reflecting the pattern of redundancy in amino acid 
coding. However, within the RdRp segment analysed in Fig. 4, there 
are nearly 2.5 times as many variations in the first codon position 
as there are in the second codon position, both when comparing 
between viruses and within each virus, which greatly increases 
the chance that amino acid changes are assodated with the nucle­
otide variation. This concurs with previous analyses of the internal 
variability across the entire genome of a single KBV isolate, where 
nearly 50% of all nucleotide substitutions resulted in amino acid 
changes (de Miranda et al, 2004).
A second component of the genome where genetic variation can 
be analysed within a functional context are the structural confor­
mations of the genomic RNA in the non-coding regions at the 5' 
and 3' ends and in the ICR, which have important functions in reg­
ulating the replication and translation of the genome (Gromeier
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virus Country Year Accesdon Reference
USA(CA) 1994 AP085478-AF0B5479 Hung e t aL * 0 0
USA(CA) 1998 AF052S66; AF052567; AF093457-AP093460 Hung et aL 2000
USA(CA) 1998:1999 AF083239; A n i7 » 3 Hung et aL 2000
USA(CA) 1999 AFU5852-AF135B61 H oigetaL20qo
USA (ME) 1997 AF03S359 Hung et aL 2000
USA (PA) .2002 AY275710 de Miranda et aL 2004
USA(MD) 2000 AF177905 Evans and Hung, 2000
KBV USA (MO) 2000 AF233366^AF233367 Evans. 2001
USA (MO) 1997 AP037591; AF02712S , Hung and Mdmanukj, 1999
USA 1 9 » AF232007 Hung (1999b) (unpubiishôl)
USA 1999 ÂF200331-AF200336 Hung(1999b) (unpubUsbcd)
USA (MO) 1999 AP034543 Hung Û 999) (unpublished)
USAfIX) 2007 EU436460-EU436461 Paiados at a l (2008)
AuftnHa 2007 EU436457 Paiados at a l (2009)
ChumU (Onacio) 2001 ARB4542 Hung a t  a l (2000)
Deiuntrk 2007 EB70891 *elsenatal(2008)
Ccmuoy (Hesse) 2004 AY787143 Sleda and BOchfef (2004)
New Zealand .2004 SladaaadK)di)er(2dOt)
Spdn 2004 AY821K2-AY82156S Espatoo a ta l  (2004) (unpublished)
IBA(PA;TX) 2007 EU436462; EU436464 Paiados a t a l (2008)
Australia 2007 EU436468 Paiados et a l (2009)
Australia (NSW) AP034541 Hung a ta l  (2000) ’
Australia . 2007 EU436456; EU436469 Paiados a ta l  (2009),
Rraote 2002 de Miranda et a l (2009) (unpubBshed)
Canada 2007 EU43S438-EU436459 P aladasata l(2009) . .
lAPV USA (PA) mo7 EU436423; EU436463 PalMÉM a ta l  (2009)
Israel 2000 EF219380 Maori et al (2007)
brael 2007 EU436433; EU436470-EU436472 Paiados a ta l  (2009)
Jordan 2007 g22S116-FJ225119 ALAbbadi at a t (2008) (unpublished)
South KOrea - 2008 EU770972 ju e ta l  (2009) (unpubBshed)
Russia 1999 AF197905-AF197908 Hung (1999a) (unpubBshed)
Prance 2002 AY669849-AV669846; Tantriieva at a l (*04)
France 2002 de Miranda at a l (20M) (unpublished)
USAf!X:CA-PA) 2007 EU436465-EU436467 Paladu a ta l  (2009)
7 Hutyaiy 1996-2000 . AF468967 Bakonyl a ta l  (2002a)
Hui^aiy 1996-2000 AF486072 Bakonyl et a l (2002a)
Poland 1996-2000 AF4S6073 Bakonyl a ta l  (2002a)
- Denmaifc 2007 EF570888 inibenetR ,(200S)
ABPV Prance 2002 AY569853 Tantchava et a l (2004)
. England AH50629 Covan at *.(2000) '
England (Devon) 2007 Ddt34968^DQ434999 Baker and Schroadar (2009)
SnIV-1 USA (FI) 2004 AY634314 Valles at *.(2004)
et aL, 1999; wnson et aL. 2000; BeUiam, 2009; Nakaririma and 
Uchiunni, 2009; Roberts and CtoppeN, 2009). Tbe S' UTR and inter- 
genic region nudeotide sequoKes are highly consoved between 
the three viruses, wfth ~S0% nudeotide identify (de Miruda 
et aL 2004; Paiados et aL 2008), which presumably also extends 
to their predicted secondary and tertiaiy RNA structures. By 
contraK the S' UTV Is highly divergent bAween the viruses, with 
numerous gaps and low (~40X) nucleotide identify In those re­
gions that can be Signed (de Miranda et aL, 2004; O n  and Evans, 
2007; Paiados ét aL 20M). Howevw, this low mideotide identify 
Is irrdevant if the seomdaiy and tertiary RNA conformatioos, 
and hence the functkmalify of these structures, remain constant 
(Nakashima and (LhiUnu, 2009; IGcft, 2009). How this u n  be 
achieved is illustrated in ^  3, with respect to the ICR 1RES of 
KBV. The vast majority of nudeotide changes with reqiect to ABPV 
(red), lAPV (blue) or both (purple) are co-variant changes in the 
Stan structures. Le. ones that do not affect the 1RES structure. 
Moreover, the changes gaierally avoid the most critical compo- 
nents of. the 1RES, the pseuddmots PK-L PK-H and FK-UL These 
pseudoknots converge to mbnlc the presence of deacyWed tRNA 
in the E-site and Met-tRNA^ in the P-site, leaving the A-site unoc­
cupied and ready to accept the first AA-tRNA'  ^of the ORF (Fig. 3;
Pisarev et aL 2005; Pestova and Helten, 2006; Kieft, 2009). This is 
an Alanine for KBV oui ABPV, and a Qycine £nr lAlV (Palactps et aL 
2008). The three pseudoknots structures are universally conserved 
among aH didstrovkus intergenic IRESs, despite nucleotide varia­
tions (Jan* 2006; Kleff, 2009). Howevor, the presence, dze and 
shape of the stem-loop structure near nucleotide 6600 (highlighted 
by the yellow arrow) varies between different didstroviruses. It b  
(sesott in ABPV-KBV-IAPV, Soknopsb invicta virus- 1  and Taura 
syndronme virus, but absoit in black quMn cell virus, cricket paral- 
yds virus and Plautia stdi virus, among othen (Jan, 2006; Nakashi- 
mà and Udiiuml, 2009). Of interest in Fig. 3 b  how the sequoice 
differences between the viruses translate into potential functional 
lilffeieiices. F&jot of the co-vaiiatianal changes In the stem struc­
tures are in positions where there are variants In both ABPV and 
lAPV, relative to the KBV sequence shown. Oftoi the type of change 
b (fifferent for ABPV and lAPV, and there b  abo internal variability 
within ABPV and lAPV in these positions (Bakonyl et aL 2002b; Pal­
acios et aL 2008). None of these materially affect the structure, 
although the straigth of the borgb may be altered The onfy se­
quence changes where a corresponding alteration in function could 
be contemplated are those in the loop of the unique ston-loop 
structure, which could cause sevaal of the loop nucleotides to be-
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Alter de Miranda. Dainat, Stoltz, Neumann and Ball (unpublished)
come part of the stem structure. The relatively high degree of 
structural conservation in the IKES elements is not surprising, be­
cause these have significant interaction with host proteins arxl 
ribosomes. For this reason a structurally conserved 1RES is also ex­
pected in the S' UTR (Robems aiid CroppelK 2009: NahagWma and 
Ucbhsmi, 3009). These host-related reasons for sequence-structure 
conservatioo in the virus genome do not apply for the vhus repR 
cation signals in the S' and 3' tfTR however, because here the inter­
action is primarily with the virus encoded RrOtp and hebcase. In 
this contexL the high degree of variation between ABPV, KBV and 
lAPV in their S' UTR's may be a means Ibr the rival RNA polymer 
a ses and helicases to identify the correct viral genomic RNA Ibr 
replication, during mixed infections (de MIrmmda et aL 2004). 
The contrastlngfy low variability of the 3' UTR suggests that this 
may apply more to the production of posltlve-strand genomic 
RNA than for the negative-strand repRcatlve Intermediates.
5. MagmoBtks
Diagnostics Ibr dicistroviruses have evolved rapidly over tbe 
last 10-1S years, moving fiom serology-based approaches, wMch 
detect surface antigens on virus particles, to molecular protocols 
that target virus genetic material Each approach offers specific 
advantages, strengths and biases when detecting closely related 
RNA viruses with a propensity for high mutation rates and the 
presence of quasispedes. Optimal sampling strategies are essential 
to minimise error when developing a diagnostic strategy Ibr dicist­
roviruses. Considerations for these steps are covered in detail by 
other reviews (de Mhamda, 2009).
The generation of spedes-specific antibodies has been ham­
pered by the lack of in vitro culturing methods for hoqey bee 
viruses (Shdtz et aL TRW). Virus propagation has generally been 
achieved by mjecting purified virus into honey bee pupae
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(Andcnm and Ci>bs, 1988; Bailey and Woods, 1977; ABa and 
BaH 1995; Stoltz et oL, 1995). However, hooey bee colonies are 
rarefy virus free and may already œotain viruses which contami­
nate the culture. Rrrtbermore, the virions of such viruses may have 
rimiiar pbyskal properties, making than impossible to separate 
from tbe didstrovirus(es) under study (Baiky and BaU, 1991 )  Rily- 
c|oia) antibodies generated from such materia] rfafc showing cross- 
reaction with co-purified contaminating viruses. Bergem et aL 
(2006) reported methods to maintain honey bee cell lines for more 
than 3 months before sipdlicant degeneration occurred. Such cefl 
lines could be employed In the foture for the production of prne, 
uncontaminatcd virus, from either natural or cloned sources.
The mAjority of arXibodles gewrated for the detection at dis- 
dstroviruses have been pofydonal, a prepar*joncontahiing multi­
ple antibodies with a range of epitope spedBcities and affinities 
(Anderson, 1984; AUen et aL, 198% ADen and BaB, 1995). Spe- 
des-spedfic potydonai antibodies have been raised agafaist g d -. 
purified VF4 proteins of ABPV and KBV (Stoltz et al, 1995) and 
aj^hut purifird «cprFsspd KBV coat proteins (Shen et al , 2n0Sa; 
de Mfranda, 20IK). Monoclonal antibodies, which comprise a sin­
gle aitibody with a defined specificity and affinity, have not been 
generated to ABPV, KBV or lAPV. Monocolonal atXibodies may 
prove valuable for the most sendtive soology-based detection, 
however, the epitope detected by each antibody must be stable 
arxl be represented in aO virus strains to avoid false negatives. 
Pofydonal antfoodies have dso been genoated against lAPV 
(Maori et aL, 2007a), although the spedfidty of these antibodies 
is not Imown.
Several diagnostic methods have been explored using antisara 
including immunodiffusion (Arxkrson, 1984) and Enzyme-finked 
immurxoorbent assay (ELBA) (Anderson, 1984; ABen et aL, 
1986; de Miranda, 2008) hnmunodlffusion was used to demon­
strate that strains of KBVfrom Canada arxl Spain were serologically 
more closely rdated to each other than to Aiutralian KBV strains 
(ABen arxl BaB. 1995) In addition, immuruxUlArsk» depxmstrated 
that lAIV is closely related to ABPV arxl KBV, but is suffidendy dif­
ferent to be discerned using serology (Maori et al, %)07a) Whilst 
Immumodiffiision is usefkd to determine serological rdatedness be­
tween viruses, the method is considerably less sensitive than for­
mats Hke EIKA (Andmson, 1984; Aflm rt al. 1986; rte Mhrorxla,
2008) ELBA is a useftil method for screening large munbers of 
samples cheaply and easily, wfrh sufficient sensitivity to detect 
viruses at sub-dinkal teveb, aiul has been used widely in the 
1980"s-19901s to screen enviromnental samples, before rmdek 
add-based methods became available.
The advent of the molecular age arid tbe accessibility of RT-PCR 
has revolutiooised dicistrovirus diagixrstics. Ihe limiting factor for 
any such protocol is the availability of nucleodde sequence data. 
The number of available taxJeotide sequences for these viruses 
has increased exponentially rinoe the first sequerxz of KBV was ' 
published in 1995 (Stoltz et aL, 1995) Nudeotide sequence dat­
abases raw contain a wealth of generic information, comprising 
complete gerxune coverage for all three viruses arxl over 300 par­
tial sequences. However, the information contained within online 
databases is iKit always accurate; especially when consideritig spe­
cies desfynation. A multitude of RT-PCR protocols are available for 
the detection of structure arxl functional genes of ABPV, KBV arxl 
lAPV (Table 3) RT-PCR protocols offer a means of detecting viruses, 
arxl when coupled with sequencing, can be med to confirm diag­
noses arxl obtain pfayiogenctlc information on tbe viruses under 
study (Bakonyl et al, 20D2b; Paiados et al . TflQR; de Miranda 
et aL, 2004;)
lAPV arxl KBV «wiriniti» to be misclassified in the lit­
erature and the public sequence databases, highlighting problems 
with both molecular virus «tfagiHwt» and the online sequerxx dat­
abases. The original KBV primers were designed in 1995 (Stoltz
et aL, 1995) as part of the very first RT-PCR protocol to be deter­
mined for any honey bee vins. These primers continue to be used 
widely (Evans, 2001; YUe et aL, 2006; Chmr et aL. 2004»b; Hung 
and ShtanamrkL 1999; (hen et aL, 20% 2006; ThgtAcva et aL, 
2004; Antunez et al, 2006; Baker arxl Sthtoeder, 2008) evoi when 
the poCoitial for cross-amplification with related viruses became 
dear with the subsequent sequencing of the ABPV. KBV and lAPV 
getromes (Covan et aL, *00; Bakonyl a  aL* 2002b; de Miranda 
et d ,  2004; Maori et aL, 2007a) While important Mstorkaily. 
these original KBV primas should run* be disomtliiued. The prob- 
lon of potential misdiagnosis of virus infectlois, induding false 
positive arxi false oeptive detection arxi strain misassigrxnent, 
has been recognised before (Blanchard a  aL. 2008a; Genersch, 
2005; de Mfranda, 2008) One excellent way to resolve uncertain­
ties is to base a diagnosis on multiple prima pairs (Evaris arxl 
Huofa 2000; Siede a  aL 2005; Bakonyi a  aL. 2002b; see also Cen­
ersch (2005) Blatxhard et aL (2008a) and Crabetmeina et aL
(2001) for otha bee viruses) ArxXha approach b to augment 
the RTiPTR assay with diagnostic restriction eniyme digestions 
(Evans; 2001 : Sieito and BOdda. 2004; Siede a  aL 2005) although 
thb approach can also be sensitive to micro-variation between iso­
lates. if variation b located in the targeted resttktion enzyme site, 
and abo offers much reduced sensitlvfry. Both of these approaches 
entafi Increased labour and cost. The simplest and nxrst coA-effec-. 
Üve solution b to careAilfy design virus-specific primers, based on 
the pattan of sequerxe conservation arxl variatloo within and be­
tween the different viruses, taking particular care to avoid locating 
the 3' nucleotide of eitha prima on Mgbfy vatiaUe nucleotides. 
Le. the third codon position of the open readir% frames (see Tbble 
3; Tbplcy et aL 2005; de Miranda, 2008) Guidelines for designing 
RNA-virus dl^rxrstic prim as arxl avoiding misdiagrxrsb can be 
found in de Miranda (2008) Hirtha excellent instruction on the 
design of RT-PCR experimerXs can be tbuixi in the Ml (SE guidelina 
for the Minimum ftdormation for publication of quantitative real­
time PCX Experiments (fhntin et aL 2009). produced by an um­
brella group of the leading experts arxl devebpas of RT-qPCR 
tedmology whose aim b to provide a sa  of niinimum berxdnnark 
staixlards for the correct design, execution arxi reporting of biolog­
ical experiments (Burgoon, 2006; Taylor aaL  2008) Tbe problans 
with virus mlsdlagrxwls hlgMi^t the hnpnrtarx? of continually 
npdating primers arxl protrxads as new informatfon b obtained, 
apedalfy given that RNA viruses are highly variable aitities that 
can evolve rapidly (Carta arxl CenersCH 2008; de hfirarxia, 2008)
The secotxi problem concerns the redimdatxy of sequoice dat­
abases. Many of the mbdassified lAPV bciata (Le. from Aatx*. 
Russia arxi ArrstraUa) date from before 2004 (when the first lAFV 
sequences were made available) arxl w ae correctfy classified as 
KBV according to the Informatkm available at that time. Unfortu­
nately, these remain misclassified when it b  clear that they rxrw 
belong to a diffarent taxon. More recent tnbassignmatts are due 
to failure to confirm assignation with simple sequence comparison, 
compoutxled by the dynamk nature of the classification systems.
Real-time RT-qPCR offers unrivalled senritlvtty and specificity 
for the detection of honey bee virusa, with the arldltlonai bonuses 
of virus quantification arxl the abolition of P(X product vbuafisa- 
dorr. 5errsitlvity comparisons between serological arxl nudecular 
detection protocob for ABPV, KBV and lAIV are lacking. Howeva, 
such conrparisons for otha singk-strarxl, positive-sense RNA 
viruses suggest that real-time RT-qPCK b lOtX) times more saisi- 
tive than ELISA arxl 100 times tixrte sensitive than conventional 
nnmnMîed RT.PrR (Rattl a  al. 2004) Several diffemt raaWtime 
chonistries have been utifised for the detection of disdstroviruses. 
Real-time RT-qPCR assays using 5YBR-Creer%aDNA dye whkh flu- 
wesces upon bitxling, have been reported for ABPV. KBV. lAPV 
(<fox-F0 s ta  a  al. 2007; Evans, 2007; KUkleOa M aL 2008: Paiados 
a a L  2008; SkdeaaL 2008) Palacios aaL  (2008) estimated the
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number of copies of lAPV in honey bee samples from the USA, but 
these results were not fully explored. Sede et aL (2008) used real­
time irr-qPai using SYBR-Green chonistiy to demonstrate a posi­
tive corrélation of APBV titre with winter mortaiitœs in Germany. 
In additkn, this work considered the experimental error whkh 
accumulates when quantUying using real-time POL Such high var­
iation requires a large number of replicates in order to detect treat­
ment differeiKes. Cbantawannakul A aL (2006) presented 
protocols for the detection of KBV and ABPV using hydrolysis- 
probe chemistry in Vanoa mites from Thailand. The addition of a 
dual-labelled fluorogenk probe means hydrolysis-probe based 
RT-qPCR negates problems with detecting ixm-tvget specific bind­
ing. such as primer-dimers. However, this taxrease in assay speci­
ficity heiglttais the chances of bise negatives when dealing with 
sequrace variants. The relection of real-time chemistry influences 
TVl^ 1 or Type 2 error, and as with conventional PCR, assay spec­
ificity should be reviewed in the light of new sequerxx data before 
each study to minimise such errors. Det^led instructions for the 
correct design, execution and reporting of RT-qPCR experiments 
can be found in the Ml(^ guideline (Austin et aL, 2009).
S. 1. MuIÜ-taiget screening
Mkroarrays have been used for studies of honey bee gene 
expmsion to provide insight into dmnical response (Kucharski 
and Maieszka, 2003), worker bee sterility (Thompsim et aL, 
20M), caste difHaentiation (Barchuk et aL, 2007), behavioural mat­
uration (Adams et aL, 20(9) aixl post mating changes (KocheretaL, 
20(9). lids technology is particularly suited to screening for multi­
ple targets within tbe samie sample. However, high production 
costs of staiKlard giass-sUde formats have limited the avaUabiiity 
of this technology for diagnostics of honey bee pathogens. Low 
density arrays, measuring cokuimetrk change, offer many of the 
benefits of glass-slide fbrmats with far lower set-up and running 
costs. MQUer et aL (2009) reported the simultaneous detection of 
multiple RNA viruses using sikh low density mkroarrays, demotr- 
strating the suitAility of this method for dicistrovirus detection. In 
addition, certain knV-density platforms are applicable for the 
detection of protein and peptide targets (Ehrfcht et aL, 2009) whkh 
allows target detection in genomk regions with conserved amino 
add sequence, even when nudeotide variation is high.
Suites of qtiandtative PCR-based tests offer an alternative to 
mkroarrays fto monitoring multiple targets in the same sam|de. 
Evans (2007) described the devekqxnent of a quantitadve-PCR ar­
ray to accurately measure the transcript abtmdance of 48 honey 
bee and pathogen genes in paralleL Whilst useful, such formats re­
quire access to high throughput real-tnne PCR machines. Microfiul- 
dics solve rech throughput problems by repeating up to 96 
reactions against 96 different samfdes (a total of 9216 reactions) 
in a single 3-4h run. Such pbtforms allow the direct transfer of 
existing, validated real-time RT-qPCR assays to facilitate multi-tar­
get screening and accurate quantification. Digital arrays, also using 
mkrofluids, repeat the same test on multiple aliquots of a single 
sample, offering single-molecule detection and the accurate quan­
tification of rare targets (Bhat et aL, 2(X)9).
5.2 Nan-targeted approaches
Pyrophosphate-based sequencing technology (pyrosequerxjqg) 
is a method of generating nudeotide sequence irüformation with­
out any o priori knowledge of primer binding sites. The method 
has recently become sufficiently miniaturised to generate massive 
datasets from pkolitres of nudek add preparations. TUs method 
has bcm used to ideiAifÿ prevlouriy ciyptk pathogens in large- 
scale coloqy losses in the United States (Cox-Foster et aL, 2007). 
Whilst metagenomics is one application, pyrosequendng offers
several other potentbl uses for the study of didstroviruses. I^rose- 
quendng bar been used to effectively characterise non-didstrovi- 
rus popubtkms within a single infected host, faiduding 
quantifying variants of low prevalence within a quasispedes (Eri­
ksson et aL, 20(9; Margeridori-Tharmet ct aL, %99). Such data 
may provide insigtes into viral evolutionary dynarnks arxl be 
informative for primer design for more traditional targeted meth­
ods of detection, like PCR.
The ideal diagnostk method should be senritive, acctnate, ro­
bust, simple, rapid arxl cheap. Clearly technological advarkes In 
diagnostics have made progress towards more valuable methods. 
There are many such advances that could further our understand­
ing of dicistrovirus biology, distribution and evoluticm that have 
yet to be employed to study these viruses. However, all diagnostk 
methods are sensitive to temporal shifts in the knowledge base, 
and as such, the merits of each published method should be care­
fully evaluated before use.
C. Bcststanee and treatm ent
Apart from the documentation of higher or lower prevalence of 
certain virus diseases in different honey bee races (e$  Riiximr 
et aL, 1975) or with respect to the mating frequerxy of queens 
(Tarpy arxl Seeley, 20C6), there has been very Bttle examination 
of the honey bee germplasm for genetk leristance to honey bee 
viruses (Page arxl Guzmdri^Novna, 1997; Moritz and Evau, 
20(9). In this context the recent reports of firequent, reciprocal ex­
change of genetk material between lAFV and the honey bee gen­
ome, and in particular the correlation of such genome-integrated 
lAPV with resistatke to lAPV Infection (Maori et aL, 2007aJ)) re­
quires serioiB consideration.
The natural integration of virus sequetkes into eukaryotk host 
genomes is a well established phenomenon for most subfamilies 
within Retrovfrfdae arxl viruses with dsDNA genomes (e*  Doucet 
et aL, 2007; Gimdersen4Urxlal arxl Lyiui. 2003). However, for RNA 
vinnes with no intermediary DNA forms, such as the didstrovirus­
es, integrathm ofvird genetk material into the host gerxune is a far 
less frequent occurrerxx; essentially a rare, unusual evolutionary 
event (Crochu et aL, 2004). Originally proposed as a posrible evolu­
tionary medianism in 1975 (Zhdarxrv, 1975), gerxmtk irUegration 
of an RNA virus was firA confirmed ihmammals, where persistent 
DNA forms of Lymphocytic choriomeningitis virus (LCMV) were ob­
served in mouse spleei cells (Klaierman et aL, 1997). It was 
sidisequently demonstrated that erxlog«xius retrovirus retrotrans- 
posons, commonly presait in the mouse geniome, promoted the re­
verse transcription of LCMV arxl subsequent integration of rum- 
retroviral genetk material into the hok gerxxne (Geukhng et aL,
2009). A sfanOar mechanism of integration was also reported for Po­
tato virus T, whose viral cok-protein sequerkes were integrated into 
the genome of grape; flanked by retrotransposon-Dke rqmat ele­
ments (TanrrearxISeia, 2005% These firxlings are supported by the 
discovery of flanrivirus-like genetk material naturally integrated 
into the mosquito gerxxne (Crochu et aL, 2004). Whilst the majority 
of integrated coding regkHB are silerked by insertions or deletions, 
in one case the integrated segment did retain a conserved coding re­
gion, likely leading to the production td  functional viral enzymes. 
Maori et aL (2007b) reported a similar sequerke exchange between 
lAPV and rifff rmW em  Viruf-lm t recgmMoathm even^ w«re sw- 
prisingly common, with 30X of lAPV-infected bees testing positive 
for integrated viral sequerkes. Although the honey bee gerxxne does 
have higher than average recombination rates (Beye et aL, 2006), 
very few transposons arxl rxr active retrotraosposons have been re­
ported (Honey Bee Genome Sequencing Consortium, 2(X9). Cru­
cially, no sequences resembling LAFV or any other honeybee RNA 
virus can be found in the completed honeybee genome sequerke;
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wmBt ENA Virus lecomDtoation mo me hMMy Dee genoTO Is dis­
tinctly possible, tbe suggested Ugh frequency contrasts sharply 
with the sparse reports of such events in the wider litoature, and 
Airther independent study Iv the wider research community is re- 
quired for confirmation of this potentiaDy important finding.
If genome-integrated lAFV fragments do exist, then the second 
daim, that mch integrated viral material promotes resistance to 
virus infection (Maori et ri, 2007b), bas much better siqipoit from 
the BteratUfC- It has been danonstrated repeatedly that transgenic 
plants carrying a portioo of a viral genome (genoaOy the coat pro­
tein gme) are oftmi redstant to the virus in question (Et-BoroUosy 
et al, 2008; Kertburwht et aL 2007; Pedersen et aL 2007). Tim ef­
fect is gareraiiy due to interference by the host-expressed viral 
RNA (or sometimes the translated protehix) with the replication 
and translation of the infectious virus (Ratcfiff et aL 1997,1999). 
Tbe effect is analogous to that of defective-interferiog RNAs (DL 
RNAs; non-viaUe viral deletion mutants produced by imra-molec- 
ular recombination), and satellite RNAs (molecular parasites of the 
virus), both of which monopolise RNA polymerase acdviÿ, thereby 
luppmsdng virus replication (White and Morris, 1989; 9mon 
et aL 2004). Tbe dfect is also related to RNAi (RNA iotefermce; 
see later) and gene süetidng, which are natural nochanlsms for 
controlling mRNA expression and depadation through the Undlng 
(d sense RNA with diort antisense complements, followed I9  
digestion of the double-stranded RNA segment with specific 
RNA-ases (Ratcfiff et aL 1997,1999).
Tbe third daim, that lAPV-integrated hooey bees are "naturally 
transgenic* (Maori et aL 2007b) represents an unfortunate use of 
terminology. In that It links the data to a highly conttovosial 
Industry that too often tries to Justilÿ its commercial aims by find­
ing parallels with naturally occurring processes. TUs obscures the 
significant diffidence between Instant transgenic evolution by 
Man, and similar natural acdderfts scattered throughout tbe evolu- 
dooary history of the entire biosphere covering milUons of years.
Anothg recent development involving lAIVcoocena a possible 
treatment, using RNAi technology (Maori et aL 2009). Treatment 
against viius infections hat never been sadously considered In 
the beekeeping and research community, even though anti-viral 
treatments have been used successfully In human and veterinary 
settings (Vlgnutri et aL 2005, 2006). However, the devastating 
consequences of CCD and the link to lAPV and related viruses 
may change this. One of the most promising developments in this 
fidd is the use of mull Interfaing RNA (sIRNA), whkh takes 
advantage of the gene rilencing or RNA Interference (RNAi) path­
way for tbe post-transoiptianal control of mRNA levels, that Is 
present In practkaOy all eukaryotk organisms (CrasSmann and 
Jang 2008; van den Berg et aL 2008). Thb pathway Is activated 
by the molecular detection of double^tranded RNA by Dker-2, a 
type-ID RNAse, and subsequent cleavage of the dsRNA into small 
~32 bp fragments. These fragmaits are loaded Into an RNA-in- 
duced Sdeodng Complex (RISC), whkh then drives the specific 
degradation of the correspooUng mRNA through comphmmtarity 
with the sfilNAs (van den Berg et aL 2008). Given that RNA viruses 
pass through a double-stranded RNA phase during replication they 
are natural targets for degradation by the RNAI pathway, and it b 
posrible that the RNAi pathway may have originated as a mecha- 
nlmi for degrading foreign nuddc adds and molecular paradtes 
(Obbard et aL 2009). Tbe RISC can also be loaded with micro RNAs 
(fflifiNAs), which are small hak]dn dsSNAs transcribed by the host 
gmome and processed by Dicer-1, for post-transorlptional corXrol 
of mRNA le v ^  ^  introducing synthetfc sIRNA molecules into the 
cell (either through transgene expression or cellular uptake], RISC 
is primed to degrade specific UIA spedes, thus *dlaidnÿ the 
expresrion of a gene (van den Berg et ri, 2008). TUs ability to spe­
cifically silence Individual genet has been used extensively to 
study gene expression pathways and has been quickly adopted
for the treatmeitt (gene therapy) ofanumbn of genetk ifisorders, 
cancm and diseases (Campb^ and Choii 2009; Pfister et aL 2009; 
Atgner, 2006). However, the application of s9NA for the control of 
viral Infections Is more proUematk (Leonard and Schaffim, 2006). 
Viruses have evolved a numhe of strategies to evade the RNAi 
macfainev (Grastmann and Jan& 2008; SMetaL 200B) and even 
produce priRNAs tbemselvet for regulatiag their own gene expres­
sion and disrupting host gene expression (SchOtz and Samow, 
2006), rewriting In an mlRNA “arms-race* between virus and host 
(9tri et aL 20(9; Obbard et aL 2009). One particular difficulty with 
riRNA anti-viral rirategies b the requhemon for near-perfect com­
plementarity between siRNA and target RNA for RISC to functioa 
Thb means that the virus can easily avoid RNAI degradation by 
miftating out of range (Stram and Kiizotzova. 2006; Grassmann 
and Jang 2008) whkh, given the high variability of the ABPV- 
KBV-IAPV complex, may be a partidilar risk for effective and 
long-term treatment of lAPV, KBV and ABPV. Tbb places extra 
emphasb on the acooate design and performance prediction of 
siRNAs (Li and Cha, 2007). The other main challenge b the optimi- 
atfon of the delivery of therapeutic dRNA to the target tbares. It 
has become obvious that siRNA does not easily cross membrane 
boundaries (White. 2008), at least not without the help of host 
trannnembraoe fonctions (Aronstrin et aL 2006). Tbb observation 
also suggests that the antHAPVdfect of orally administered s&NA 
observed by Maori et aL (2009) may reside prhnarlly In the crib 
Being the alknetkary canaL a like^ site of re^katkm for the large 
amount of virus found In the gut lumen, and less in systemkafiy 
infected sites In the brain or reproductive tissues. The key to reach­
ing these tissues b to link the siRNA to agents that are absorbed 
specifically by the targeted tissues and to protect the siRNA from 
degradation durhig tranqxnt (White, 2001; Jeong et aL 2009).
7. Futnie devcfopmetrts
Honey bee virology has developed rapidly over the lari decade, 
and the pubik and pofitfcri Interest In hon^ bee and poQInator 
health generated by the CCD phenomenon has provided a healthy 
impetus to the field. Thus lar, mori of the reûarch has concen­
trated on the viruses. Including characterisation, diagnosis. Inci­
dence and transmission. Tbb research has sri the stage for more 
dynamk Investigation of the rriatkmsfalp of the pathogen with 
Its host(s) and other pathogenk agerfts, Inrhxllng tbe molecular, 
physiofoÿcaL hmnunologkal and epidanioiogkal mechanixnu 
underlying the prilfology at the Individual bee and colotv levris. 
It rentaim to be determined whether ABPV, KBV, lAPV and other 
variants within tbb comidex are autonomous viruses meriting spe­
des status, or strains of single qredes (van Begeninortri et aL 
2000J Since there are no dear geographical temporal or ecologi­
cal separation briween ABPV, KBV arid lAPV, species designation 
win deperul heav^ on the unique biological and molecular charac- 
terbtks of these viruses, such u  the spedfidty of viral replication, 
protease processing and encapsidation, to support their clear phy­
logenetk separatkn. Tbb dose genetk refationship betwem the 
viruses b aim a usefoJ resource for mapping arty biologlcri differ­
ences between tbe viruses on the viral genome. An arhli tkmal area 
to develop b the search for genetk resistance and cures to viral 
diseases. Due to the br-readiing implications It b  essential that 
die stable integration of ViiUa loqucuccx iu tbe boucy bee genome 
b confirmed by the bee research community, as well as their pos­
sible interference with virus replication and pathology. Similarly, 
tbe potential universal appikabifity of RNAi tedmology to provide 
virus-specific solutions to infection and pathology requires further 
Investigation, primarfly to determine the mechanism of actkm, 
posrible secondary rifects and Hmitationt, in order to optimise 
the procedure and applicability.
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The rapid progress of our diagBOldc upaUfitits b  Gkriy to con- 
doue apace. Tte chaHenge for the honey bee research amununhy 
is to exploit enœiging diagnostic fdatfonns to BD cooriderabk 
knowledge gaps in dicistrovirus biology. Methods whkh offer mul- 
d-taiget soeoing, using hybridisatloa (mkroarrays) m real-time 
(RT) PCR ■macroarrays' are powerful tools that can be applied to 
monitor viral populations within a single host or evra host re- 
qwnses to virus dirilenge (eg. Evans, 2007). The coflection of host 
transcrqition data could ksd to the recognition rrf effective bio- 
markers' to he%) monitor the impact of vina Infection. Sidtes of 
Uomatfcen could help build a pkture of virus disease signatures, 
thus providing additional evidence to determine Whether AWV, 
KBV and lAPV merit species designation based on differing bloiog- 
kal properties.
Current diagnostics simply offer beekeepen confirmation of vir­
al presence without infbrming management practice. Bask man- 
agemeit Information such as actual virus impact, flkely routes of 
infection onto tbe apiary (eg. bees, food, wax and equipment) 
and effective methods of eradication (once irffection occurs) are 
lacking TBc future cnaiienge is to devaop cmclent (Uagnostxs 
witldn a decision support syston tha would allow herkerpers to 
make Infbimed managemerk decisions based on the result of tbe 
diagooxtk test(s)«npfoyed.Tie development ofonslte viral diag­
nostics, Iflre lateral flow devices (TbmUes et al, 2009), could em­
power beekeepers to deal wkh virus Infection wltUn such a 
framework, msuring the Impact of itiajnmrir» is maximised, 
whilst the cofony losses incurred by didstrovinms are minimised.
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Complete genome aequencea were determined for two distinct atraina of alow bee peralyaia virua 
(SBPV) of honeybeea {/ipia The SBPV genorne h  eppnadmately 9.5 kb long and
cofrtalna a airigte iORF flanked tty 6  - and 3'-UTRa and a naturally polyadertytated 3 ' tail, with a 
genome organization typical oS memtjera of the family Bfmkidaa. The two et raine, latielled 
"Rotfiameted' and 'Harpenden', are 83% Identical at the nucledtide level (04% identical at the 
amino add level), although thia variation la dietributed unewM^ over the genome. The two strains 
were found to co^exiet at différent proportiona in two independently propagated SBPV 
preparationa. The natural prevalence of SBPV for 847 colon|ea in 182 apiartee acroee five 
Europeart countries wee <2% , with positive aampiea found only In Ertgbndand Switzerland, in 
cotoniea with variable degrees of Veuroa tofeetation.
Slow bee peialyais vinu (SPY ) is one of several honeybee 
(Apis mdl^eru) viruses UnWvt to high mortality of ordomes 
in ^ e d  with the ectoparasitic mhe Vorraa detfnôzDT (Canedt 
et oL, 2010; Martin d  oL, 1998). SBPV was discovered 
jbrtuitoudy in F.ngfand in 1974, during propagatam ocperi- 
merits involvir^ bee vinte X. It induces paralysis o f the
The GenBank/EMBL/DDBJ accession numbers for the complete 
genome sequences of S8FV strains Rotfiamstad and Harpenden are 
EU035816 and QU938761, respectively.
A supplernervtaiy table shcwlrig primers and performance Indicators of 
several un he real arid strain-specific RT-qPCR assors Is avaloble with 
the online version of this paper.
anteriortwo pairs of kgp about 1 0  days after injection into the 
abdomen of adult bees (Bailey & Woods, 1974), with h i ^  
virus accumulation in the head, the hypopbaryngcal 
mandibular and salivary {frndu, the ÙA body, crop and 
fiorde^ but less in tbe hindlegs, midgut, rectum and thorax 
(Denholnv 1999). Like most honeybee viruses, SBPV persists 
naturally as a covert infection, most hkdy through mal 
transmission (Bailey 8 r BaB, 1991). However, SBPV can be 
transmitted readily amoqg adult bees and to pupae by Varroa 
mites (Santillan-Gdida éroL, 2010), with lethal consequences 
at the individual bee and oobny levds (Ganedt ef aL, 2010). 
Overt SBPV infection can also be indiiriwl in adult bees (but 
not ir) pupae) fay injection with inert fluids, eqredaHy the
2624 022434 0  2010 SGM PrmteO irt Great Btgaht
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antioDagubnt apyrase, and the proportion of bees with 
indndble covert SW*V peaks during mid-summer (Denhtdm, 
1999).
SBPV has a 30 nm icorahedral particle containing an RNA 
genome and three major capsid proteins, o f 46, . 29 and 
27 kDa (Bailey & BaU, 1991). The virion profile, induction 
in  pupae and mite-mediated transmission are key char­
acteristics that SBPV shares with the other picorna-like 
viruses associated with Varroa-induced colony mortality 
(Ribière e t aL, 2008). However, unlike these other viruses, 
SBPV appears to be extremely rare, having been identified 
positively only in Britain, Fiji and Western Samoa (AUen & 
BaH, 1996; Anderson, 1990; Carrecfc ef «L, 2010; Martin ef 
oL, 1998), despite being included in surveys of Australia 
(Homitjiy, 1987), New Zealand (Todd ef e l, 2007), 
Scandinavia (NordstrOm ef aL, 1999) and Poland 
(Topolska ef oL, 1995). Only in Britain has h  ever been 
associated with colony mortality (Carreck ef a l, 2010).
Two SBPV preparations were used for genetic character­
ization, both derived from the original Enÿish SBPV 
isolate (Bailey & Woods, 1974); one was produced in 1994 
in  Ganada and the other in 2006 in Sweden. SBPV was 
propagated in 50 p u j ^  and purified by iisitig either CsQ 
(Canada) or sucrose (Sweden) gradient centrifugation 
(Bailey 8c Ball, 1991; Stoltz ef a l, 1995). Samples from 
k t h  purifications were resolved by SDS-PAGE and 
dectroWotted to PVDF membranes for N-terminal sequen­
cing of the individual proteins (Alphalyse, Deiunark) and, 
for Western blots, probed with IgG of the original SBPV 
antiaerum (Bailey & Woods, 1974) and developed with 
250 ng alkaline phosphatase-conjugated protein A ml  ^
(Harlow 8c Lana, 1988). The Canadian preparation 
contained seven difierent proteins (Fig. la, b). However, 
several of these are of uncertain origin, as the Swedish 
prqiaration lacked P4 and P6, whilst PI appeared only in 
the limiter fractions (Fig. Ic). Those proteins present in 
both préparations (P2, P3, PS and P7) are comparable in 
size to those described in  the original reports (Bafley 8c BaH, 
1991). Only P2 and P3 reacted with the SBPV antiserum 
(Fig. lb). As their N term in i were also identical 
(DNPPDP), they are essentially the same protein, most 
likdy processed difierently at the C terminus. The P5 and 
P6 N-terminal sequences were ambiguous, whereas those 
of P4 and P7 were blocked. There was progressive 
eruichment of P2 relative to P3 in the lighter gradient 
filetions (Fig. lb, c, lanes 4-5), suggesting that the P2-P3 
size difference affects virion density.
Viral RNA was extracted from both SBPV preparations 
with the RNeasy sjatem (f^agen), converted to random- 
primed double-stranded cDNA, cloned and sequenced, 
resulting in a series of ‘footprints’ covering the entire 
genome. The intervening regions were amplified by RT- 
PCR using sequence-specific primers. The 3' terminus was 
obtained by RT-PŒ  with ancdiored cdigo-dT, priming the 
natural SBPV poly(A) tail, and a sequence-specific 
upstream primer. I t e  5' terminus was approximated by
semi-nested 5* RACE, using the SMART-Oligo protoccd 
(Oonteck). AH RT-PCR fragments were cioned and at least 
three independent clones were sequenced for each 
fragment (ten for the 5' RACE). During this process, a 
number of clones were identified that were highly divergent 
from the principal sequence, but ccmsistent among each 
other, indicating the presence of a distinct strain of SBPV. 
Strain-specific primers were used to amplify between 
successive domes of this second strain and these PCR 
inoducts were sequenced directly. With no obvious 
biological, geographical o r historical criteria to distinguish 
thenv these strains were labeHed ‘Rothamsted’ and 
Harpenden’, respectivdy, after the Rothamsted Research 
Institute in Harpenden, E n g ^ d , where SBPV was first 
described. The overaH sequencing redundancy for both 
sliains wo* 3.64 gcjuiiuc cquivolciiis.
The SBPV genome is approximatdy 9500 nt long, contains 
a 2964 aa ORF flanked by approximatdy 300 nt of 5 -UTR 
and approximatdy 270 nt of 3 -UTR, and is terminated by 
a natural 3' p<^(A) tafl. The structural proteins are 
encoded in the N-terminal part of the ORF and the non- 
structural proteiiu in the C-terminal part (Fig. 2). This 
genome organization is typicd of members o f the 
Iflaviridae, an insect-specific virus fiunily abo containing 
D im m ed  wwg virus (DWV), Varroa destructor virus-1 
(VDV-1) and Sacbrood vtrur (SBV). The pdyprotein is 
processed into functional units by pfoteolysLs. The P2/P3 
N-termiiud sequence matches the start ofVPl (Fig. 2), thus 
connecting the RNA sequence to the SBPV antiserum. As 
only P2 and P3 react with the SBPV antiserum, VPl 
harbours most of the virion’s antigenicity, similar to the 
DWV/VDV-1 VPl (Lanzi et aL, ;006; Ongus ef aL, 2004; 
B. V. Bull, uupiililidicd data), ouggaiiug that VPl a  
exposed on the virion surfrtce, with VP2-VP3 located more 
internally. The N-terminal sequences also identify an 
autocatalytic protease activity, associated with RNA 
packaging during the final stages, o f  virion maturation 
(Nakashima 8c Uchiumi, %09). The SBPV-encoded 3C 
protease provides the remaining protease activity, with an 
AxPE/M consensus cleavage sequence. This is identical to 
the DWV/VDV-1 3C protease-deavage sequence (Lanzi et 
aL, 2006) and typical for viral 3C proteases, wfaidi cut at 
glutamine (Q) or ^utamate (E), with methionine (M), 
proline (P) and alanine (A) also common in the shown 
positioUs (Pahnenbog, 1990). The predicted sites are 
ideally located for rdeasing the functional proteins (Fig. 2), 
with excellent agreement between the predicted and 
observed VPl—VP3 molecular masses.
Nineteen stably conserved amino acid regions (a-s) were 
id e n tif ie d  b y  COKB atialyséS " f
alignments (Moretti ef aL, 2007; Wallace e t aL, 2006) 
invdving members o f the frmihes Iflaviridae, Dicistroviridae 
and Picomaviridat The functional domains were identified 
by using InterProScan (QueviDon etoL, 2005) and the CATH 
protein database (Pearl et al., 2003). These induded two 
picornaviiiis capsid protein domains (a-b and c-d), the 
three hcHcase domains (f-b), the 3C protease domains (j-k).
httpy/viragmjoum alsiJig 2525
193
J. R de Miranda and olhers
(«) M ABPV SBPV SBV (b) 1 2 3 4
t iekOai
9 7 kD «
1
1
Fig. 1. SDS-PAGE of the Canadian SBPV prepaiation, flanked by purified acute bee paralysis virus (ABPV) (43.0, 36.0,33.0, 
24.0 kDa), SBV (29.5, 30.5, 31.5 kDa) and moleculaf mass markers (M). (b, c) Western blot (b) and SDS-PAGE (c) of purified 
Canadian SBPV (lane 1), alternate Swedish SBPV gradient fractions (lanes 2-5) and crude SBPV propagation extract (lane 6).
including the cysteine protease motif (Ryan &
Flint, 1997) and the GxHxxG^" substrate binding motif 
(Gorbalenya et aL, 1989), and the eight RNA polymerase 
domains (o-s), including the DxxxxxD^^® ,^ GxssTxxxN^^* 
and YGDD^^’ motifs involved in NTP binding and catalysis 
(Gorbalenya et al., 2002; Ng et a l, 2008). The functions o f
the other conserved regions (e, i, 1, m and n) are currently 
unknown. Signal peptide and transmembrane regions were 
identified at the helkase N  terminus, prior to the 3C 
protease-RNA dependent RNA polymerase (RdRp) com­
plex, and in the unidentified protein between VP2 and the 
helicase. These observations suggest that genome replication.
N u d e o t td e  vanabiltty  
A m ino a c id  variabiW y
9482 nt
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5 — { l V P 3  1f: V P l  _  _ j [ V P 2  ' H e l ic a s G  ^ 3 C - P r o  R d R p  3
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Fig. 2. SBPV genome organization and distribution of SBPV”“’/SBPV'^ *'' variation, calculated over 51 nt or 17 aa intervals, 
with the digits marking 100 nt intervals. Indicated are those proteins with identified function, the protease-deavage sites 
(consensus amino acids in black font), the estimated and predicted VPl -VP3 molecular masses, four transmembrane/signal 
peptide domains (grey bars) and 19 highly conserved regions (black bars) covering aa 290-310 (a), aa 336-344 (b), aa 576- 
609 (c), aa 628-647 (d), aa 986-998 (e), aa 1473-1493 (f), aa 1513-1536 (g), aa 1565-1687 (h), aa 1698-1605 (i), 
aa 2376-2381 (j), aa 2393-2401 (k), aa 2406-2414 (I), aa 2461-2473 (m), aa 2644-2574 (n), aa 2622-2721 (o), 
aa 2757-2795 (p), aa 2811-2857 (q), aa 2864-2878 (r) and aa 2887-2906 (s).
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tranilation and proteotyni are lynchronized, merabnne- 
bonndprocenes (Salonen ctoZ, 2005). The L-proteiniaquhe 
variaUe at the aiiiiDD add levd and k  highly basic (pl=9.1\ 
whereas the four cqnid proteins are aH acidic ^1=53-5 .8^ 
traits that are common to all honeybee-infecting iflxviroses. 
PicoraavinB L-prgteios are assodated with virulence and 
pathology, as they afiect host and virns RNA translation and 
protease activity (Gfeser et oL, 2001; Gnamé et aL, 1998; 
Hinton etaL, 2002). Not identified, ahhon^ expected to be 
present, was a viral genome-linked protdn (VPg), a hi^ily 
heterogeneous of small proteins boond covalently to the
5' terminus of most RNA viruses (induding iflaviruses) and 
involved in RNA stability, genome rqilicriion, translation 
and movement (Hébrard et aL, 2009; Ng et a i, 2008; Steil 8c 
Barton, 2009). These pocesses also involve t ^  5 - and 3% 
UTRs, as well as numerous host bsctors (Belsbam, 2009). 
Translation is probaUy initiated by an internal ribosome 
erriry she (1RES) in flie 5 -UTR (Or%us etaL, 2(X)6; Roberts
8r Groppdli, 2009), thus avoiding the host’s cap-dependent 
translation (Bdsharn, 2009). Tbe first amino add is probaUy 
methionine (Bdsham, 2009), alfliou^ fliis k  not oM^story 
for IRES-mediated tramlation Oar\ 2006).
The two SBPV strains are 83% identical at flie nucleotide 
levd (94% identical at the amino add level), whilst 
internally, each strain is >99 % identkaL Eighty-two per 
cent of the nucleotide differences were C-U or A-G 
transhions, v h id l are common for RNA viruses, due to 
the relative stability of G-U bonds during replication 
(Roossindc, 1997). The varmtion k  distributed unevenly 
over the genome, with the 5'-UTR being particularly 
variable, containing significant insertions/deletioris Just 
before the ORE. The extent and distribution of the variation 
reserrible rhose for DWV/VDV-1 (de Miranda & Genersch, 
2010; Lanzi etaL, 2006) and SBV. The relationship o f SBPV 
to other viruses Was determined fliro u ^  phylc^enetic
a b c d e f g h i J k l m n  o p q r s
70•c
1001____
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1001
tamal aoute paralysis «hua (B=310300)
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' Aphid Itlhalptitiytit «faut (AF536931)
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—  PW etW «faut(A B008531)
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• Triatoma «faut (AFl 70440)
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Hg. S. Minimum evulwtion pbyfctgiam of membaia of the famEes ffftwmdae and tXaatroviridaa, using pofiovfaua (famty 
McomawrNAie) aà oufyoup, based on conserved regions a -s (pig. 2). The percentage ttoofsbap support for each partition is 
based on 600 rapfioatan Bar, 0.1 amino add substitutions per sta. Vituses infecting^  honeybees are hi black font GenBank 
accession numbers are shown in paierrttteses.
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anatyies of the 19 oonserved ammo add  regions, using 
minimum evolution criteria as imidemented in M£Ga4 
(Tamura et aL, 2007). Despite the conservative M-Coffee 
approach to identifying consistent phylogenetic characters 
with strong poritional homology, t k  rdationships between 
the taxa remained unstaW% as shown by the deep, clustered 
nodes with low bootstrap support (Fig. 3). The indusion/ 
exclusion of certain viruses or genomic regions had a 
profound effect on the percdved rdationships between the 
taxa, and the most rdiaUe phytogenies were obtained with 
the helicase (f-h) and RdRp 1-IV (o) domains. Such 'stari 
phyh%enies are common for viruses and are due to the 
extreme variability and adaptability of RNA viral genomes, 
which include extensive cross-qiedes recombination, evolu­
tionary convergence and other forms of genetic mosaicism 
(Kaordn et a l, 2006, 2008; Roossindc, 2002).
Several RT-PCR assays were developed for SBPV détection 
and quantification (see Supplementary Table SI, avaiUble in 
JGV Online). AH assays were optimized for primer 
concerrtration and annealing temperature, whilst the 
rirain-spedfic assays A" ’^^  and A""*" were also optimized 
for the absence o f cross-amplification, using doned 
SBPV"^ and SBFV""*’ templates. Assays A, A * ^ , A“ ^  
and B contained OJZ pM of each primer in 20 pi Bio-Rad 
SYBR-green OneStep RT-qPCR mixture. The temjdate was 
either approximatdy 2 ng random-primed cDNA, produced 
according to Tentcheva et aL (2004), or approximatdy 
200 ng RNA purified from bulk homogenate with the 
RNeasy system (Qiagen) and converted to cDNA for 10 min 
at 50 °C prior to  qPCR. The qPCSl profile was 5 min at 
95 °C phis 40 cydes o f 10 s at 95 *C, 30 s at 58 *C, 5 s 
fluorescence reading. The values were determined by 
Optioon Moffltor3 (Bio-Rad) at a fluoreseenee threshold of 
0.025, after ÿobal minimum basdine subtraction Product 
specificity was determined by mdting-curve analysis of 60 s 
at 95 "C, 60 s at 55 "C, ftdhrwed by fluorescence reading at 
0.5 *C increments fi»m 55 to 95 *C (Bustin efal, 2009). For 
assay C, RNA was purified from buHc homogenate with the 
RNeasy system and amplified with the RT-qPCR cycling 
profile of Chantawaimakul et aL (2006). Assay D is 
qualitative, based on the RNA polymerase regioiL
Quadruplicate runs of assays A, and A " ^  were used 
to determine that SBPV*^"’’ and SB PV "^ constituted 86.0 
and 13.5% (±2jS% ) of the Canadian preparation, and 
66.3 and 32.8% (±7.8% ) of the Swedish preparation, 
respectivdy. This means that SBPV““*  and SB PV "^ co­
exist as a major strain polymorphism within these 
propagated preparations. This is analogous to the sequence 
polymorjflûsms found naturally within the DWV/VDV-1 
O lid  acute bcc paralyau virus (ABPVj/KashiUir bcc vinW 
Isradi acute paralysis virus complexes (de Miranda & 
Genersch, 2010; de Miranda et aL, 2010) and to the 
sendoÿcal similarities between bee viruses X and Y, 
Arkansas and Berkeley bee virus, and Egypt bee virus/ 
DWV/VDV-1 (Bailey & BaH, 1991). Sudi co-existing strain 
complexes may therefore be a common feature of honeybee
The natural prevalence o f SBPV in France (2002), 
Switzerland (%)07, 2008), Sweden (2008) and Pngknd/ 
Wales (2008) was deterniined. The French survey com­
prised 360 ccdonies in 36 apiaries throughout France, aH 
activdy managed for Varroa control, samjded in spring, 
summer and autumn of 2002 for 100 adult bees; 30 pupae 
and 100 Varroa mites per colony, per occasion (Tentcheva 
et aL, 2004). SBPV was not detected in any sample with 
assay A, using cDNA template. The Swiss 2007 survey 
comprised 87 cdonies in three apiaries, activdy managed 
for Varroa contrcd, sampled in April 2007 for 100 adult 
bees per cdony. The Swiss survey in 2008 comprised 29 
adonies in two apiaries, aH without Varroa control, heavily 
infested with mites and dyin^ sampled in November 2008 
and January 2009 for 100 adult bees per colony. SBPV was 
not detected in 2007, but five dying colonies in November 
2008 and three dying colonies in January 2009 contained 
SBPV, as detected with assay B and confirmed with assay A, 
using cDNA temjdate. The Swedish survey comprised nine 
colonies in one apiary, heavily Vorroa-infested and 
unmanaged, sampled in August 2008 for 30 adult bees, 
five mite-infested pupae, the five corresponding initcs and 
five non-infested pupae per colony. SBPV was not detected 
in any sample with assay A, using RNA template. The 
EnÿWi/Welsh survey comprised 360 colonies in 120. 
apiaries throughout England/Wales with varying degrees 
of Varroa management, sampled during summer 2008 for 
40 brood-chamber aduh bees per colony, three crdonies per 
apiary and pooled by apiary. ^ P V  was detected with assay 
C and confirmed with assay D, using RNA template, in 
four apiaries with variaWe degrees of Varroa infestation 
and inconsistent colony-level disease symptoms. The 
positive RT-PCR products from Switzerland and 
England/Wales were sequenced directly. These were 
>98%  iderrtkal to SBPV^°'^, the dominant strain and 
therefore likely to mask any évidence of SBPV*^. These 
surveys confirm the low natural prevalence of SBPV across 
a large part o f Europe (Carreck er a l, 2010). Although V. 
destructor is probaWy critical for SBPV-induced colony 
mortality (Carreck et aL, 2010; SantiHin-Galicia et aL,
2010), these studies su re s t that SBPV can persist in 
colonies with a Mnge of Varroa infestation levels and 
disease symptoms.
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A B S T R A C T
Ugandan honey bees [Apis mellifera L.) produce honey, and are key pollinators within commercial crops 
and natural ecosystems. Real-time RT PCR was used to screen immature and adult bees collected from 63 
beekeeping sites across Uganda for seven viral pathogens. No samples tested positive for Chronic bee 
paralysis vints, Sacbrood virus, Oeformed wing virus. Acute bee paralysis virus, Apis iridescent virus or Israeli 
acute paralysis virus. However, Black queen cell virus (BQCV) was found in 35.6% of samples. It occurred in 
adults and larvae, and was most prevalent in the Western highlands, accounting for over 40% of positive 
results nationally.
Crown Copyright © 2010 Published by Elsevier Inc. All rights reserved.
Beekeeping is widespread throughout Uganda, where the most 
common hive species is Apis mefli/era L (Roberts, 1971). These bees 
are of immense economic significance as producers of honey and 
beeswax, and as pollinators of commercially-valuable coffee, cot­
ton and sunflowers (Roberts, 1971; Ogaba, 2003; UF.PB, 2005). Pol­
linating A. mellifera play an equally crucial role in conserving the 
biodiversity in many natural ecosystems (Crane, 1999; Common­
wealth Secretariat, 2002), The new and expanding sector of Ugan­
dan apiculture is integral to programmes for poverty alleviation 
and rural development (MAAIF, 2000). It is therefore important 
that Uganda maintains bee populations that are strong enough to 
sustain productivity and essential pollination services (MFPED, 
2fXX); Ogaba, 2003; UEPB, 2005). Honey bees are prone to a range 
of viral diseases, but there is no literature pertaining to their prev­
alence or distribution in Uganda. Since Uganda is directly bordered 
by five other countries; Rwanda, Kenya, Tanzania, Sudan and the 
Democratic Republic of the Congo (DRC), where certain diseases 
are reported as being/suspected to be present, there is no safe 
assumption that the causative pathogens are absent in Uganda 
(Dubois and CoHart, 1950; Rosario-Nunes and Tordo, 1960; Baudu- 
in, 1966; Kigatiira, 1984, 1988; Kumar et j,, 1993; Matheson, 
1993; Mostafa and Williams, 2002; Ellis and Munn, 2005), The 
present study provides the first report of any virus in East African 
(Ugandan) honey bees.
Larval, pupal and adult A mellifera were collected from 138 col­
onies at 63 sites in nine of Uganda’s 10 agro-ecological zones (Ta­
ble 1). VWth the exception of one site in the Western highlands.
Corresponding author.
E-mail address: gay.marrisMera.gsiaov.uk (C. Marris).
where dead worker-bees were found, samples came from colonies 
that were free from overt signs of disease. Sample size was fifteen 
individuals/site, to allow a high (95%) probability of disease detec­
tion, even in small colonies (<10,000 bees) and/or where disease 
prevalence was low (20% of the population affected) (Cannon and 
Roe, 1982). However, on three occasions sample sizes were 
unavoidably lower, where the destructive nature of traditional 
honey-harvesting left insufficient surviving brood. All samples 
were exported to the UK for molecular diagnoses in the Molecular 
Technology Unit of The Food and Environment Research Agency 
(Fera), York.
RNA was extracted on a Kingfisher mL magnetic particle proces­
sor (Thermo Electron Corporation) using the default RNA protocol 
and including the optional 5 min heating step at 65 °C prior to elu­
tion, Groups of five bees, were homogenised in 5 mL of Guanidine 
Lysis Buffer L6, and centrifuged (2 min, 6000g). Clarified extracts 
(1 mL) were mixed with 50 pi paramagnetic particles (Promega: 
MD1441) and processed on a Kingfisher mL following the manu­
facturer’s protocol. Blank extraction controls were completed to 
monitor contamination.
Samples were screened for seven honey bee viruses using real­
time RT-PCR: Biack queen cell virus (BQCV), Chronic bee paralysis 
virus (CBPV), Sacbrood virus (SBV), Deformed wing virus (DWV), 
Acute bee paralysis virus (ABPV), Apis iridescent virus (AIV) and Israe­
li acute paralysis virus (lAPV). This panel of viruses was chosen be­
cause of their known associations with honey bees, the damaging 
effects of the diseases they cause, and because of their potentially 
high economic impact on beekeeping. Real-time RT-PCR testing 
used assays and cycling conditions as described by Chant- 
awannakul et al, (2006). Primers for lAPV were modified from Pal
0022-2011/$ - see front matter Crown Copyright a  2010 Published by Elsevier Inc All rights reserved. 
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Number of sltei and bee umplee bom at tcan one d k ik t tepicsaitijgi ctdi apo-ecobglcal zoâe.
Agro-eookgkal zone Eadmated dendty et beeteepen  lod litila SitM tampled (dlitrtct/vUIafe or beekeeper) N& of fltea lampled
Eafteni Metfium (1GOÔ-9000 beekeepers) ' • Mbalc/Buhunbp 
Mbalt/MunldpaBty 
MbaLe/Mutntn village 
Toten^Kwappa 
Torero/Rugbomgl
Lake Albm o esc n t Me^um (ÏOOO-SOOO beekeepers) . Holina/kullndl
Maslndl/Nyabyeya
lake VktiHla crescent . High (3000-10000 beidteepers). Kanqtala/Kawempe 
Kampala/Menga 
Luwcrô/Bututumala 
Luwero/Katikamu 
Mubende/Mubende ■ - 
NakasongoWNakawngnla ■
Mid noitbein - ' High (5000-10000 beekeepers) Kitguni/NÂAOS aplaty
Ura/Adtngb
Ura/Afltese
Ura/UdcAmone
LlrajfEtwapu
Un/tJguT ;
Sau tb ea st. . Low (<1000 beekeepen) Busla/Busla 
. Kansill/iasnzl . .
Southern dryünds ' ■ Low(<1000beekeepen) Mbarara/Rwampara '
Southern highlands ' , Medium (1000-5000 beekeepen) . Rûkunÿrl/Btdumbure
Rukunglit/Bveambara
Westnfle High (5000-10000 beekeepen) Aru^KatiW
■ AnW ^lvu county Pafuhi 
•YtaibefKechI .■
western highlands - High (5000-10000 beAeepen) KabamkfBukuku 
Kabande/Bwendeiwe . 
' ICabarale/Fwt Portal 
Kaband^Karambl 
' KihamlefKatumi 
KabamklMugusu 
KyenW^Rasamba
Kanatoja diylaiidi 
Total
Low (<1000 beekeepen ) Not sampled
ados et aL (2008) to detect all knmm variants of IÂFV (Jeffrey Hui. 
Centre for Infection and Immunity, Columbia University, USA, p m  
comm ). All real-time RT-PCR protocols were validated using pure 
viral cultures and virus-infected bees. An Internal control allowed 
interpretation of negative results (Ward et aL, 2007). Cr values 
were assessed using Sequence Detection Software V2.22 (AppBed 
Biosystems). Samples giving the lowest Cr values were selected 
for confirmatoty testing using direct sequmcing.
No nmples tested podtive for DWV, SBV, CBPV, ABPV, lAPV or 
AIV. However, screening with RT-PCR suggested that BQCV was 
present In a mmiber of samples. To validate our fiiidings, samples 
that tested positive for the presence of BQCV were subjected to 
confirmatory screening using conventional RT-PCR coupled with 
direct sequencing (tentcheva et aL, 20Q4aJ. Virus poddve and no 
template controls were also performed for each virus. To ensure 
(auvenance of nucleotide data fitan Ugandan virus, RT-PCR prod­
ucts ftom Ugandan and BQCV-poddve controls were sequoiced di- 
rectly. Initial sequence Identity was confirmed by identifying the 
closest sequence matches ftom all the published sequences on 
the EMU. database using the BLASIN search algorithm. Alignmoits 
and phylogenetic analyses of dosefy related sequmices were com­
pleted using the default setting of MEGA 4.0 (Tamura et aL, 2007). 
The nudeotide and the translated protein sequences were ana­
lysed. Direct sequencing of the RT-PCR product from one podtive 
sample confirmed the identity of BQCV (Accession number 
f]4S5181). BQCV from Uganda clusters with othw BQCV isolates 
from Sou* Afika and the European Union and is distinct from iso­
lates of btm - RNA viruses, mtttaiiy isolated m tne i*r/as, from thé
remains of decomposing queen larvae found within blackened 
cells, BQCV is widespread throughout the EU (Bafiey and Woods,. 
1977). In Australia this virus is thought to be the most common 
cauK of death in queen larvae (Anderson, 1993X
. BQCV was found in 3SÆX of Ugandan samples tested (Table 2). 
It occurred in 87,5% of adult samples and 12.5% of larvae, but was 
. not found in any pupae that were screened, even those from BQCV-. 
positive colonies. TMs pattern of infection is consistent with other 
studies, which show that although BQCV affects aU life-stages of A. 
meOffera, it is usually detected in adults, rather than hi brood or pu­
pae (Slede and BOchler, 2003: Tentcheva et aL, 2004a). Infected 
material came from seven of the nine zones that were sampled,. 
the two exceptions being thé South east and Southerri highlands. 
BQCV was most pevalent in the Western highlands, where it 
was found in seven separate sites (accounting for over 40% of posi­
tive results for BQCVnationally). It was comparadvdy less wide­
spread in the Eastern zone (found at three rites), and onfy. 
present in single sites elsewhere. Although data collected in this 
saufy siQgesis that certrin pans of Uganda may be virus free, gi- 
v a  that infscted zones directly border apparently healthy zones, 
this Is highly unlikely to be the case. Absence of positive samples 
is more likely to reflect the comparatively small sample sizes, cou­
pled with the possibility that virus is pesent at low (subrclinical) 
levels. It is the view of these authors that BQCV should be assumed 
present throughout the countiy.
. Regarding the impUcatloos of BQCV infection for Ugandan api­
culture, with m e exception, samples collected for the purposes 
of this study came from asymptomatic colonies, dmnonstrating
201
R Kejcbê et st/JounMl tfimertebrate Fatbolagy 104 ( ^ Q )  1S3-1SB ISS
- The taddthce of BQ<ËV b  tôerent bec development itagêi from nbe agro-ecologkn zones of Uganda.
Agro-ecoloskal zone - District . .  . SUena - . BeeUk-stage Mean O'values (tSD) ■ 
■ BtgVave Internal itontrol.ISS tSNA
Eastern . . Mbale - 1 Adult ' 3R48 (1Z143) • 1306 (±0102) '. .
.' Mbale Adult. . 3001 (±0044) . . . 1117 (±0020)
Mbale Adult '. 20S7 (±0125) 1698 (±0128) .
Mbale 2 • . Adult . 34.77 (±0071) . .• 1171 (±0.124)
Mbale Larva . . .32.16 (±0320) . . 1397 (±0038)
. Mbale 3 Larva 2156 (±0312) . : 14.60 (±0033)
.- Mbale Larva 28.12 (±0007) 1387 (±0082)
Lake Albert aetcent - Hdma - ■ ■ ’ . Adult '. • 33j9(±0342) • 1605 (±0007)
Hoi ma . Adult 32.10 (±0195) 1332 (±0227) ■
. Holma - Adult 33.71 (±0575) ■ 1U 6 (±0034)
Lake VktDib descent ; Mubende 1 Adutt 3132 (±0383) 2270 (±0367) •
Mubcnde Adult ■' . 33.70 (±0068) . 2R77 (±0113)
MÙ norttem Ur* I Adult . 3837 (±0395) 1835 (±0072)
Sputk catt Ko tarn plot tectod potbhre h i  SQPV
Southern diylands . . Mbarara . 1 Adult 27^*7 (±04M) 1096 (±0060)
' Southern hlgMands No sampbs tested positive for BQP/ -
w estnlie - ■ Yumbe • ■ ' 1 ■ Adult 3022 (±0468) 1431 (±0071)
Yufflbe. • Aduk 32.17 (±1316) 1437 (±0062)
Yumbe Adult . 3054 (±0171) 1438 (±0105)
Yumbe • Aduk 32.73 (±0222) 13M(±0132)
; Yumbe. • larva 3 Ü 7  (±4279) 1431 (±0225).
Western Wshlands ■ Kabarole • 1 . Aduk 3554 (±0122) 2276 (±0079)
Kabarok - 2 . .. Aduk 33,17 (±0348) 1745 (±0364)
Kabarole .Aduk .. 3034 (±0027) 1506 (±0042) .
Kabarole Aduk ■ 28.74 (±0566) . 1673 (±0020).
Kabarole . 3 . . Aduk . . 33.72 (±2277) . . . 18.10 (±0005)
: Kabarole . 4 . . . Aduk . . 3352 (±0676) . . 1690 (±0363)
Kabarole . 5 . Aduk 3283 (±0500) 2013 (±0.198)
Kabarok . Aduk . .2932 (±0046) ' . . .' 1604 (±0030)
Kabarok Aduk • ■ 3000 (±0075) . 18.16.(±0050) .
Kabarok . Aduk . 28.76 (±2083) . . 1702 (±0027) :
Kabarok . : Aduk. . . 3836 (±2326) . . 1600 (±0036)
Kabarok . Aduk .• . . 3432 (±0246) . . . 1687 (±0167)
Kyet#o . 7 . Aduk • . 3203 (±0199) 1616 (±0186) . .
that the presence of virus within a colony does not necessarily re­
sult in overt disease. It has been observed that certain viruses are 
found in apparently healthy adult .bees and pupae (DaO, .1985; 
Anderson and GBibs. 1988; Hung et aL. 1996a), and only when they 
occiu'in colonies co-infested with the parasitic mite UirnKi destnu;- 
tor will virus-induced mortality frfilow (SUtnanukl et aL, 1994; 
Hung et aL, 1996b). This suggests that on some occasions, viruses 
multiply to lethal levels wbm activated fay feeding mites. Varn» 
has a weakening effect on its hosts, rendering them more suscep- 
. dUe to Infection (Yafig and Cog-Foster, 2005); dissemination of 
pathogens is also facilitated when viruses enter through die lestons 
caused by feeding mites (BalL 1989). For some viruses, transmb- 
ston by V. destructor h ^  b e a  proven experimentally (Béfcési 
et al, 1999; Nordstrom et aL, 1999; Chen et aL, 2004; Tentcheva 
et aL, 2004aX and Varroo may act as vectors for BQCV (Baitey, 
1976). Although EU studies have been unable to confirm thb 
assumption (Tentcheva et aL 2004h; ForgAch et aL, 2008), BQCV 
has been detected iii mites from Thailand (Chantawanoàkul 
et aL, 2006), aixl in South Africa, BQCV has been finked with nota­
bly Increased honey bee mortality when associated with Vanoa 
(Swart A  aL; 2001 ; Davison et aL 2003).
There b  oo available data for the incidence of Unroa in Ugmida, 
but they are believed to be absmt from thb countiy, and neigh­
bours Keriya, Tanzania, Sudan and DRC (Griffith# and Bowman, 
1981; Kigatiira  ^ 1984, 1988; Matheson, 1993; Ellb and Muiio, 
20m). The status of Vornxi in Rwanda b  unlmown (Ellb and Munn,
2005). However, the niite b  prevalent throughout much of the rest
of thé world, having spread from Asta to all continents except Aus­
tralia (Webster and Delaplane, 2001 ); Vartoa b  confirmed as pres­
ent and spreadii% in sub-Saharan Africa (Afisop, 1997a, b, 1999), 
including fafigeria (Ulattah, 2008). TUs means that while the cur­
rent impact of BQCV in Uganda may be mlnimaL should Varroa 
reach districts where BQCV b  mdemic, then the combination of 
the mite arid the vinb could have a much more sertous conse­
quences. It b  rekwmt to note that although thb study sampled 
over 150 colonies, allowing detection , of diseases with a tow 
(lOX) prevalence, rio DWV was found. Thb virus b  commonly asso- • 
dated with Varroa infestations elMWhere, and where mites are 
present prevalence of DWV typically exceeds 90% (de Miranda 
and Genersch, 2010).
A meUÿera b  not the only type of bee utflised in Ugandan api­
culture. At least six species of sdngless bees are hrmted and/or cul­
tured for their honey and brood ( lOfiobe, 2007; K^Jobe ami RoubOc,
2006). The incidence of viral pathogens in these additional bee 
stocks b  yet to be investigated, and their susceptibility to hon^ 
bee viruses b  entirety unkrxiwn. ■
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